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Design of advanced porous geometry for open volumetric solar receivers based on 
numerical predictions 
Due to the continuous global increase in energy demand, a possible source of renewable 
energy is certainly represented by the sun. 
Concentrated Solar Power (CSP) represents an excellent alternative, or add-on to existing 
systems for the production of energy on a large scale. In CSP systems, specular surfaces 
(heliostats) reflect the incoming sunlight, focusing it on a single or multiple focal points. 
In some of those systems, the Solar Power Tower plants (SPT), the conversion of solar 
radiation into heat occurs in certain components defined as solar receivers, placed in 
correspondence of the focus of the reflected sunlight.  
In a particular type of solar receivers, defined as volumetric, the use of porous materials is 
foreseen. The core of such receivers is a porous structure called absorber. The latter, hit by 
the reflected solar radiation, transfers heat to the evolving fluid, which is generally air 
subject to forced convection.  
The proper design of this element is essential to achieve high thermal efficiencies, making 
such structures extremely beneficial for the overall performances in the energy production 
process. 
For this purpose, a proper combination of the structure parameters such as porosity, heat 
exchange surface and optical properties is needed.  
Thus, a deep preliminary study has been performed to evaluate the consequences of the 
variation of the effective parameters and properties on the thermal performance of the 
porous absorber. 
The knowledge and results gained through this study have been used to define an 
optimization path in order to improve the absorber microstructure, starting from current in-
house state-of-the-art technology till obtaining a brand new advanced geometry.  
The newly designed structure has been numerically tested, achieving good performance and 
the presence of the so-called volumetric effect, as the outlet fluid temperature is higher than 
the solid inlet temperature.   
Afterwards, a test sample has been produced for laboratory experiments at the DLR solar 
facility in Cologne, in the form of 3:1 scaled-up demonstrator due to technology limits. 
Additive manufacturing process technology and a titanium-aluminium alloy have been used 
for the production by the Fraunhofer IFAM Institute. The outcome of the experimental 
campaign has been useful for the validation of previously predicted numerical results and, in 
general, of the overall design procedure. This also confirmed that, as the manufacturing 
technology will progress and become cheaper in the near future, it will be possible to 
improve the overall performance of SPT using advanced micro-geometry in open volumetric 
receivers.  
 
Entwurf einer innovativen offenporigen Zellstruktur für offene volumetrische Solarreceiver 
basierend auf numerischen Betriebsvorhersagen 
 
Für den global kontinuierlich steigenden Energiebedarf steht mit der Solarenergie eine 
mögliche erneuerbare Energiequelle zur Verfügung. Solarthermische Kraftwerke 
(Concentrated Solar Power, CSP) stellen eine herausragende Alternative oder Ergänzung zu 
bestehenden Systemen zur Erzeugung von Energie in großem Maßstab dar. Bei CSP-
Systemen reflektieren spiegelnde Flächen (Heliostate) das einfallende Sonnenlicht und 
fokussieren es auf einen oder mehrere Brennpunkte. In einigen dieser Systeme, den solaren 
Turmkraftwerken (Solar Power Towers, SPT), findet die Umwandlung der konzentrierten 
Strahlung in Wärme im Solar-Receiver statt, der sich im Fokus der Anlage befindet. Bei einer 
bestimmten Art von Solarreceivern, den volumetrischen Receivern verwendet man als 
Absorber offenporige Materialien. Der Absorber wird von der reflektierten Sonnenstrahlung 
getroffen, überträgt die Wärme durch erzwungene Konvektion an Luft als Transportmedium, 
die letztlich zum Dampferzeuger gelangt. 
Die richtige Auslegung des Absorbers ist wesentlich, um hohe thermische Wirkungsgrade zu 
erzielen, die Struktur des Absorbers ist für die Gesamtleistung im Energieerzeugungsprozess 
äußerst einflussreich. Für die optimale Auslegung ist eine entsprechende Kombination von 
Strukturparametern wie Porosität, Wärmeaustauschfläche sowie den optischen 
Eigenschaften erforderlich.  
In einer umfangreichen Parameterstudie wurde zunächst der Einfluss der effektiven 
Parameter auf die thermische Leistung des porösen Absorbers untersucht und bewertet. Die 
Ergebnisse, die mit dieser Studie gewonnen wurden, wurden verwendet, um eine Methode 
zu entwickeln, mit der sich die Absorber-Mikrostruktur optimieren lässt. Anschließend 
wurde diese Methode angewendet um - ausgehend von der gegenwärtigen in-house  
state-of-the-art Technologie - eine neue, optimierte Geometrie zu entwerfen.  
Das thermische Verhalten der neu gestalteten Struktur wurde numerisch ermittelt. Es wurde 
bestätigt, dass ein hoher thermischer Wirkungsgrad vorliegt und dass der sogenannte 
volumetrische Effekt erzielt wird. Das bedeutet, dass die Fluidtemperatur am Auslass höher 
ist, als die Materialtemperatur auf der bestrahlten Seite des Absorbers. 
Anschließend wurde eine Materialprobe für Laborexperimente gefertigt, die aufgrund des 
aktuellen Entwicklungsstands des Herstellungsverfahrens in Form eines 3:1 - skalierten 
Demonstrators ausgeführt wurde. Additive Fertigungsverfahren und eine Titan-Aluminium-
Legierung wurden für die Produktion am Fraunhofer IFAM Instituts eingesetzt. Das Ergebnis 
der Experimente bestätigte die numerischen Vorhersagen in vollem Umfang und stellte auch 
eine Validierung des gesamten Entwurfsverfahrens dar. Dieses ermöglicht bei weiterer 
technischer Entwicklung der Fertigungstechnologie in naher Zukunft eine weitere 
Verbesserung der Gesamtleistung solarer Turmkraftwerke durch Verwendung 
formoptimierter Mikrogeometrien in offenen volumetrischen Receivern.  
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Nomenclature 
Latin symbols  
Av Specific surface area [m
2
∙m
-3
] Qlost Power loss [W] 
h Heat transfer coefficient [W∙m
-2
∙K
-1
] n Normal vector 
qconv Convective heat flux [W∙m
-2
] J Radiosity [W ∙ m
-2
] 
V Volume [m
3
] F View factor 
I Irradiation [W∙m
-2
] Ai Projected inlet surface [m
2
] 
A1 Homogeneous volume front surface [m
2
] TA Thermocouples position A 
k Thermal conductivity [W∙ m
-1
∙K
-1
] TB Thermocouples position B 
cp Specific heat capacity [J∙kg
-1
∙K
-1
] d Wall thickness [mm] 
ṁ Mass flow rate [kg∙s
-1
] d1 Pins depth [mm] 
p Pressure [Pa] L Sample length [m] 
u Velocity [m∙s
-1
] v Volumetric flow rate per unit cross section 
[m∙s
-1
] 
T Temperature [K] K1 Permeability coefficient [m
2
] 
Q Power [W] K2 Inertial coefficient [m] 
S Discrete Ordinates index P Power on aperture [W] 
N Refractive index qcond Conductive heat  flux [W∙m
-2
] 
Ib Black body irradiation [W∙m
-2
] Dh Characteristic length [m] 
ΔḢ Enthalpy flow [W] Ilost Radiative losses [W∙m
-2
] 
Qn Irradiation power [W]   
Greek symbols 
ε Porosity σB Stefan-Boltzmann constant [W∙m
-2
∙K
-4
] 
ξ Extinction coefficient [m
-1
] φ Scattering phase function 
ρ Density [kg∙m
-3
] η Thermal efficiency 
α Absorption coefficient [m
-1
] εi Emissivity 
σ Scattering coefficient [m
-1
] αc Absorptivity 
μ Dynamic viscosity [kg∙m
-1
∙s
-1
] Δp Pressure drop (Pa) 
Subscripts 
n Initial amb Ambient 
e Electric w Wall 
th Thermal ext External 
h Homogeneous volume i Inlet 
f Fluid phase o Outlet 
r Radiative exp Experiment 
m Mutual s Solid 
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1 Introduction 
Every hour the sun releases energy on Earth more than enough to meet the world's energy 
needs for a full year. The sun creates this energy through a thermonuclear process that 
converts about 650,000,000 tons of hydrogen to helium every second. The process creates 
heat and electromagnetic radiation. The heat remains in the sun and is used to maintain 
active the thermonuclear reaction, while the electromagnetic radiation (including visible, 
infrared and ultraviolet radiation) propagates in space in all directions. 
Only a very small fraction of the total radiation produced reaches the Earth. It is the indirect 
source of many types of energy used today. Even fossil fuels owe their origins to the sun; 
they were once living plants and animals whose life was dependent upon it. 
Gathering and converting this energy into a usable form has been explored since burning 
mirrors were first used in China at about 700 B.C. for ignition of firewood. Leonardo da 
Vinci´s notebooks contain the first designs of solar concentrators, in an initial attempt of 
harvesting concentrating solar power. His first collector sketch is reported in Fig. 1. 
Furthermore, intensive experimentation took place during the 18th and 19th centuries 
towards building practical engines powered by the sun (Nersesian, 2010).  
Nowadays, there are three primary technologies by which solar energy is commonly 
harnessed: photovoltaics (PV), which directly converts light to electricity; heating and cooling 
systems, which collect thermal energy to provide hot water for households; and 
concentrating solar power (CSP), which converts the solar irradiation into thermal energy, to 
be used in large-scale power plants for production of electricity.  
 
1.1 CSP – Concentrating solar power  
Concentrating solar power plants produce electric power by converting the sunlight into high 
temperature heat. In such systems, mirrors or lenses are used to concentrate the solar 
radiation at a focal point or line. The focused radiation is then transformed into heat, which 
drives a thermal engine connected to an electric power generator. The plants mainly consist 
of two parts: one that collects solar energy and converts it into heat, and one that converts 
thermal energy into electricity. 
The amount of power generated by a concentrating solar power plant depends on the 
amount of direct sunlight as these technologies use only direct-beam sunlight, rather than 
diffuse solar radiation. 
CSP systems include different technologies, such as parabolic trough, parabolic dish/engine 
systems and solar power tower plants (SPT). 
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Figure 1. Leonardo Da Vinci’s solar collector design. Source: Codex Arundel, 1478, London, British 
Library. 
 
Parabolic trough systems use large parabolic mirrors to focus the solar radiation on mostly 
oil-filled pipes, running along their center. The oil inside the pipes is then heated-up and is 
used to boil water, running conventional steam turbines and power generators. 
Parabolic dish/engine systems use mirrored dishes to focus and concentrate sunlight on a 
single focal point where a stand-alone reciprocating thermal engine and a power generator 
are placed. The engine is surrounded by thin tubes containing gas, running along the outside 
and opening into the cylinders. As concentrated sunlight falls on the receiver, it heats the gas 
in the tubes to very high temperatures, which causes hot gas to expand inside the cylinders, 
driving the pistons and activating an electric generator.  
 
1.2 Solar power tower plants (SPT) 
Solar power tower (SPT) plants are known to be one of the most promising CSP technologies 
for producing solar electricity in the mid-load power range (>50 MWe) (Pitz-Paal et al., 2005).  
In those kind of systems, a thermal receiver is used to generate heat in form of a heated 
medium i.e. oil, molten salts, ceramic particles or air (Zhang et al., 2013). The heat can be 
used as process heat or to run a turbine for electricity production.  
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Figure 2. Solar tower system scheme Reproduced from: DLR. 
 
Compared to linear concentrating solar power plants such as parabolic trough systems, SPT 
can reach higher concentration of solar radiation. Thus, it reaches significantly higher 
temperatures, ranging from 500 to 1000 °C, fostering higher heat-to-electricity efficiency for 
the turbines. 
Other applications of the high temperature heat from a solar tower receiver are process heat 
applications such as solar chemistry, where chemical processes are driven by the heat 
captured by the solar receiver, or advanced oil recovery.   
Moreover, waste heat from a solar power plant can be used to run a solar desalination 
process. Thereby, solar power plants are also used to desalinate water if installed near the 
sea. This could be a very useful application in sunny and dry regions or islands. 
1.2.1 Operating principle 
Solar power tower plants consist of a large array of mirrors (heliostat field) used to reflect 
and concentrate the sunlight on a central receiver placed atop of the solar tower, as 
reported in Fig. 2.  
Here, a heat transfer medium absorbs the solar irradiation and is heated up for further uses. 
The hot material can either be stored (hot storage), using the material itself or transferring 
the heat to another storage medium, or directly brought to the heat exchanger for the 
subsequent step.  Successively, the heat can be driven into an industrial thermal process or 
directly delivered to a gas- or steam-turbine, depending on the pressure level at the output 
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of the whole process. Thus, cooled heat transfer medium is stored into the cold storage 
before being transported back to the receiver.  
Additional fossil burners can be added to the cycle in order to ensure sufficient supply of 
heat at any time. 
1.2.2 Classification based on different receiver technology 
The solar receiver represents the core of SPT systems, as it is responsible for the conversion 
of the sunlight.  
Different technologies have been applied so far as part of the research on solar receivers, 
characterized by different operating principles and evolving heat transfer medium.  
The current state-of-the-art concerning the electricity production through SPT systems is 
represented by power plants operating with tube receivers, using molten salt or saturated 
steam as heat transfer medium (Hoffschmidt, 2014). 
Currently, the Gemasolar from Torresol Energy and the Crescent Dunes from SolarReserve 
provide electricity to the metropolitan area of Sevilla and the state of Nevada, respectively. 
Both use molten salt as heat transfer medium, coupled with energy storage systems using 
the same material.  
In the same area near the city of Sevilla, the same receiver technology is used in the 
PS10/PS20 power stations, as well as in the southern California desert where the Ivanpah 
solar tower plant is in operation. In both cases, saturated steam is used as heat transfer 
medium, flowing into the tube receivers directly irradiated by the reflected irradiation from 
the heliostat field. 
A tube receiver consists of an inner tube, in which the heat transfer fluid flows, usually made 
of stainless steel. The outer surface of the steel tube is coated by a thin layer of absorbing 
material. In such systems 
In tube receivers solar radiation is absorbed on the outer face of the tubes, depending upon 
the absorptive and reflective characteristics of the surface material. A low thermal 
conductivity and a large wall thickness lead to a high temperature of the outer surface, 
causing an increase of thermal losses. 
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Figure 3. Solar Tower Power Plant in Juelich (STJ). Source: DLR. 
 
These disadvantages are partially solved by use of volumetric receivers. In this technology, 
the solar radiation is caught by a porous solid structure called absorber. The irradiation 
penetrates as deep as possible into the structure, heating up the heat transfer medium 
(generally air) that flows into it at the same time.  In such technology, the volume mainly has 
a thermal function. While with tube receivers the wall temperature is always higher than the 
fluid temperature, the use of volumetric receivers could allow the presence of the so-called 
volumetric effect. In this case, the outlet temperature of the air can reach values of 
temperature higher than the ones of the inlet solid zone. 
The volumetric receiver can either be open or closed. In the first configuration, the absorber 
structure is open to the air flow under forced convection. In closed receivers, also referred as 
pressurized receivers, the absorber is placed inside an internal insulated pressure vessel, 
closed by a dome-shaped quartz window.  The main difference between the two systems is 
the air pressure level at the outlet that, in case of closed receivers, can reach 10-15 bar, 
while in open configuration is equal to ambient pressure (Hoffschmidt, 2014). 
The solar tower power plant in Juelich (STJ) (Fig. 3) is the first of its kind using an open 
volumetric receiver. It is currently used as test and demonstration plant for the research in 
solar technology and as a model for future commercial power plants. 
On the other hand, closed volumetric receiver is a technology in its pilot-phase and will be 
tested at the SOLUCAR complex of Abengoa in Spain (Hoffschmidt, 2014).  
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Figure 4. Open volumetric receiver scheme. Source: (Hoffschmidt, 1997). 
 
1.3 Open volumetric receiver  
The main aim of an open volumetric receiver is to capture the concentrated sunlight and 
transfer the resulting heat to the flowing air stream, at the highest possible temperature. 
In such components, the aperture is not the absorbing surface, but allows the concentrated 
solar radiation to enter into a porous solid structure called absorber. It is heated up and 
provides large internal surfaces for the heat transfer to the air, which is sucked from the 
ambient, as shown in Fig. 4. 
The hot air is then used for subsequent industrial purposes. On the other hand, the cooled 
air coming back from the process flows in the circuit until it reaches the receiver, where it is 
partially sucked in again (Hoffschmidt, 2014).  
This process is characterized by extreme temperatures, ranging from 700 °C to 1000 °C, as 
well as high radiation flux densities, up to 1 MW∙m-2. Therefore, high durability of the 
materials used in the receiver is required to contain costs. Particularly, this is necessary for 
the porous absorber, as this component is directly exposed to the concentrated sunlight. 
Concentrated 
irradiation
Cold air inlet
Hot air outlet
Recirculated air
Porous absorber
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Figure 5. Modular design of the solar receiver tested at the Plataforma Solar de Almería - EU Project 
SOLAIR. Source: (Hoffschmidt et al., 2003b). 
 
A modular design for the entire receiver is generally used. Here, several absorber modules 
are placed next to each other characterizing the entire receiver surface. In Fig. 5, the setup 
of the complete receiver block used for the test of the honeycomb receiver during the EU 
SOLAIR project is reported. The single cup (left) is characterized by a surface of 0.02 m2. 
Twenty-seven cups are mounted on a supporting frame that characterizes one of the sub-
modules of 0.57 m2. Those are subsequently mounted on several larger frames (5.7 m2) that 
characterize the entire receiver surface (Hoffschmidt et al., 2003b).   
Since the central receiver, and in particular the porous absorber, represents the core of SPT 
systems, its development is crucial to increase the potential of such plants. Above all, the 
absorber structure presents a wide margin of improvement of its thermal performance, even 
though precise directives concerning its design have not yet been provided.  
In the presented work of thesis, general guidelines for the design of porous microstructures 
to be used as solar absorber have been defined after an intensive numerical study. In this 
analysis the variation of characterizing parameters of such structures has been analysed. 
With the results obtained through this first stage, an innovative microgeometry has been 
designed and tested in the form of an experimental demonstrator, stating the conclusions 
set out in the previous study.   
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2 State-of-the-art 
Several concepts of volumetric absorbers have been designed and tested in the last three 
decades for CSP applications, showing promising results but also wide margin of 
improvement.  For such reasons, proper design of the microstructure, as well as correct 
material choice is of utmost importance in this frame (Pitz-Paal et al., 1991; Kribus et al., 
1996; Hoffschmidt et al., 1997; Fend et al., 2004b).  
Different techniques have been used for the study of the thermal performance of these 
components. They include various numerical- and experimental-based approaches, used for 
the analysis of the heat and mass transfer that takes place inside them (Chavez, 1991; 
Lipinski et al., 2010; Smirnova et al., 2013). 
 
2.1 Absorber structures and materials in open volumetric receivers 
A first concept of volumetric absorber was presented in 1983 (Fricker et al., 1983), consisting 
of a mesh of thin metallic wires used to heat up the air flow. After being tested in a parabolic 
dish, producing hot air at more than 846 °C, it has been further improved with the use of 
oxidized nickel-based metal wires and a metal perforated sheet behind the wire-pack, useful 
to optimize the air mass flow to different load requirements (Sulzer) (Becker, Böhmer, 1987). 
A sample of the absorber has been tested at the Plataforma Solar de Almeria (PSA) showing 
a lack of agreement with the numerically predicted results (Becker, Sanchez, 1989). The main 
disadvantage was the geometric design that caused distortion in the structure, making it 
difficult to maintain the original shape of the wire pack. A final improved version of the 
metallic wire-pack was presented (Sulzer 2), characterized by coiled knit wires. However, the 
absorber was sensitive to hot spots, producing once again the aforementioned distortion 
effect and the volumetric effect was not detected during the test at PSA. 
Conversely, those tests were considered partially successful since they guaranteed an air 
outlet temperature between 550 and 800 °C, easy operation and good controllability. For 
such reasons, the Phoebus-TSA consortium was formed, supporting the installation of the 
new Phoebus platform. It consisted of a volumetric receiver based on the Sulzer 2 design, 
together with a thermal storage and a steam generator (Heinrich et al., 1992). The system 
was tested in 1993, recording an air outlet temperature of about 700 °C and a receiver 
temperature of 750 °C (Meinecke, Cordes, 1994). Additionally, it was able to produce 
sufficient and constant steam at about 500 °C, maintaining a constant air outlet temperature 
of about 700 °C. Nevertheless, even if the Phoebus-TSA was a success, the plant designed by 
the consortium didn´t receives the necessary funding and was never built (Romero et al., 
2002). 
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In 1993, a wire-mesh based volumetric receiver was designed at the New Mexico State 
University (Hellmuth et al., 1994). It was a 67 mm diameter cylindrical receiver composed of 
a 54 mm deep multi-layered wire-mesh absorber. After reasonable results in lab-scale tests 
where outlet air temperature up to 820 °C was reached, a scale-up prototype version of 250 
kWth was planned. The prototype was manufactured with the assistance of Sandia National 
Laboratories in 1993. After several test sessions, the maximum mean air outlet temperature 
reached was 563 °C, resulting much lower than the one previously calculated in pre-
production numerical analysis. Unbalanced air flow and severe hot spots where the causes 
of this unexpected behaviour, eventually leading to the end of the project. 
In 1989 Emitec, a spin-off of Interatom presented a volumetric absorber called Catrec I, 
based on the catalyst carriers from the German company EMITEC (Becker et al., 1990). It was 
characterized by a modular design, where each component presented a metal honeycomb 
structure with a channel opening of 1.6 mm2 and a 0.05 mm wall thickness. In the final 
experimental setup, a stainless steel foil material with a very high melting point (ca. 1450 °C), 
and a configuration of five modules were used. The main innovations in the Catrec design 
were the small front area, able to reduce the radiative losses, a high surface-to-volume ratio, 
thanks to the thin metal foils, modularity and the use of standard materials with low thermal 
inertia. The results showed an outlet temperature up to 570 °C, resulting not as high as 
theoretically calculated. That was mainly due to different cold bypass possibilities in the 
Catrec modular arrangement. Furthermore, the mass flow distribution across the receiver 
diameter was not adjusted. For those reasons, also in this case the volumetric effect was not 
detected.  
In spite of that, the high thermal load endurance and rather high outlet air temperatures, 
favoured further development of the concept. A second generation of Catrec prototype was 
fabricated in 1993 and tested until 1995 at the PSA (Catrec II) (Meinecke et al., 1996). The 
absorber presented several improvements compared to its first generation, such as the use 
of different hexagonal modules made of the same material as the Catrec I, a different 
perforated sheet placed behind the absorber in order to allow different mass flow rates at 
different locations in the receiver and improved care during the installation of the modules 
in order to avoid gaps between them. The test showed an outlet air temperature of about 
460 °C, clearly below the value of 700 °C predicted via numerical simulation (Pitz-Paal et al., 
1996). This negative behaviour was mainly due to the unstable air flow distribution 
characterizing the new design (Kribus et al., 1996).  
All the concepts previously introduced were characterized by a limited maximum value 
achievable by the air outlet temperature. This was mainly due to the metallic materials used 
for volumetric absorbers and their related melting temperature. For this reason, interest in 
ceramics emerged to guarantee higher air temperatures at the outlet and thus higher overall 
performance of the entire power plant. Other arguments for the choice of ceramics were the 
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greater durability, the mechanical tolerance and the resistance to higher solar thermal 
fluxes. 
The first example reported of ceramic volumetric absorber is the open cavity central receiver 
developed by Sander Associates Inc. (1979). The prototype, capable of 250 kWth, was 
characterized by silicon carbide honeycomb structure and designed for 1100 °C air outlet 
temperature. 
Subsequently, a new absorber using a porous ceramic material was designed by the 
University of Colorado (Skocypec et al., 1989) and produced as prototype by Sandia National 
Laboratories. The absorber structure was a foam made out of aluminium oxide, coated with 
black paint in order to increase the solar absorption. Subsequently, it was tested at the PSA, 
delivering average outlet air temperature at highest loads of 730 °C with a material 
temperature of 1350 °C (Chavez, 1988). Thus, the thermal efficiency achieved was lower 
compared to the calculated one. This was related to the black coating paint that was too 
thick, blocking some of the pores inside the foam and worsening the heat exchange process 
(Chavez, Chaza, 1991). However, since it was the first attempt with ceramic foam, the results 
have been considered positive, taking also into account that there was no degradation of the 
ceramic material. 
Flamant et al. (1988) firstly introduced the idea of using glass-covered ceramic receivers. 
They investigated the thermodynamic behaviour of a packed bed of silicon carbide pellets 
covered by a second slab of glass pellets, to be used as solar absorber for gas heating. The 
glass material was highly transparent but also partially able to absorb the thermal radiation 
emitted by the ceramic material. Therefore, the radiative losses from the inlet section were 
reduced, enhancing the thermal efficiency. 
In 1991, a ceramic foil receiver (CeramTec), made out of silicon carbide, was designed and 
tested in the frame of collaboration between the German Aerospace Center (DLR) and the 
PSA in Spain (Böhmer, Chaza, 1991). The structure was characterized by channel with square 
cross-sections and a foil thickness of 0.75 mm, resulting in square ducts openings of 3 mm 
cross-section, 0.8 mm horizontal walls and 3 mm vertical walls. In an attempt to reduce the 
front reflective losses, the inlet surface of the absorber was reduced adopting a staggered 
front design, using rods of different length (Böhmer, Meinecke, 1991). The result of the test 
performed at the PSA showed an average outlet air temperature at highest load of 782 °C, 
compared to a maximum material temperature achieved in the center of the absorber of 
1320 °C.   
In order to reduce the emission losses from the front zone, Pitz-Paal et al. (1991) proposed a 
concept of selective receiver, covering the CeramTec absorber with a quartz glass channelled 
structure. The numerical prediction was very promising but the experimental tests showed 
poor agreement with the previously calculated results. This was mainly due to additional 
reflection losses caused by the turbidity of the quartz glass from manufacturing.   
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Afterwards, Hoffschmidt et al. (1997) tested several ceramic material structures at the DLR 
solar furnace. One of them was the High Temperature Receiver (HiTRec), an extruded 
honeycomb structure made out of recrystallized silicon carbide. The absorber cross section 
was characterized by parallel square channels of 2 mm width, 0.8 mm wall thickness and 50 
mm depth. The entire receiver surface, as foreseen for a 200 kW test on the PSA, was 
composed of 37 modules consisting of a hexagonal absorber structure and a siliconized 
silicon carbide (SiSiC) cup placed on a stainless steel supporting structure (Hoffschmidt et al., 
1999). The experiments showed good agreement with the calculated performance with an 
outlet air temperature of 980 °C. No hotspots were observed and eventually the receiver 
showed reduced start-up times and easy operability and maintenance. However, during the 
test the stainless steel structure was deformed, which made it not acceptable for industry-
scale production. 
In 1998 DLR, Ciemat and Inabensa started the development of the evolution of the 
aforementioned HiTRec, realizing a new concept called HiTRec-II (Hoffschmidt et al., 2003a). 
The receiver was characterized by 32 cups in hexagonal ceramic modules, both of the same 
material as the HiTRec I. The supporting structure was made of a steel-nickel alloy capable of 
very high working temperature and with similar expansion coefficient of SiSiC. The improved 
receiver was tested for 155 hours without showing any sign of damage, operating with an 
outlet air temperature between 700 °C and 800 °C.  
Different configurations of the receiver were tested afterwards, characterized by different 
shapes, numbers and placement of cups, up to the final technology defined as SOLAIR 3000. 
It was composed of 270 square ceramic cups made of SiSiC, 140 mm wide, placed on a 
supporting steel structure (Hoffschmidt et al., 2003b). The receiver was able to work for 115 
testing hours, ensuring an air outlet temperature of 750 °C at nominal conditions and 
keeping a solid temperature of 1200 °C. During the tests, no damaging was observed. Once 
again the volumetric effect was not achieved. Nevertheless, good overall performance and 
reliability of the entire receiver system encouraged the application of the SOLAIR 3000 
technology in the construction of the power plant in Juelich, Germany (Koll et al., 2009).  
The solar thermal power plant in Juelich (STJ) consists of a solar tower with a modular open 
volumetric receiver based on the previously introduced technology, designed for the 
production of 1.5 MWe. The main aim of the project was to demonstrate the newly designed 
technology at a complete pre-commercial scale, consisting of more than 1200 ceramic 
absorber modules, covering a surface of 22 m2 at a tower height of 55 m (Hennecke et al., 
2008). This system can serve as a pilot plant and a reference for future commercial power 
plants at suitable sunny locations. 
The HiTRec II represents the current state-of-the-art for what concerns open volumetric air 
receivers in pre-commercial industrial scale. Nonetheless, several innovative concepts have 
been tested on experimental scale in order to improve the thermal performance of the 
absorber and to achieve the volumetric effect.  
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Fend et al. (2004) investigated the performance of several absorber samples through 
experimental analysis. The complete set of porous structures included three different foam 
samples with different cell density and three different materials (SSiC, cordierite and clay-
bound silicon carbide), SiC fiber mesh material and different configurations of improved 
metallic structures based on the Catrec technology (different surface densities and one 
sample modified introducing small chokes in each channel). Furthermore, a structure 
characterized by the combination of silicon carbide honeycomb with parallel channels and 
fiber mesh was also considered in the study. The experimental results showed high and 
promising performances for the foam, for the metallic structure with the largest surface 
density and for the combined honeycomb/fiber mesh structure. With those structures, more 
than 800 °C air outlet temperature has been achieved at highest radiative loads. 
An advanced geometry based on the HiTRec II technology was investigated by Smirnova et 
al. (2013). The geometry was characterized by a parallel channel honeycomb with square 
cross section openings of 1.4 mm length and a wall thickness of 0.4 mm. Those dimensions 
characterized the lowest limit of the manufacturing extrusion process. The advanced sample 
was numerically analysed, showing an improvement of about 5% in terms of thermal 
performance. Thus, the sample was tested at the HLS facility of the DLR in Cologne. The final 
results showed a poor agreement with the previous theoretical evaluation. 
Alberti et al. (2015) proposed a new concept of volumetric solar receiver made out of 
stainless steel and manufactured with selective laser melting technique. Its geometry is 
defined through the repetition of a single-cell element, characterizing four variable porosity 
layers with higher values at the inlet. In such way, the radiative behaviour of the structure 
has been optimized as the incoming sunlight employs 80% of the sample length to be 
absorbed; therefore reducing thermal emission losses at the front face.    
One of the biggest limitations so far in the development of solar absorbers has been their 
manufacturability. Smallest overall solid dimensions are needed in order to achieve high 
thermal performance; thus, future technology will certainly be of great help in their further 
development. 
 
2.2 Absorber performance analysis  
The thermodynamic process, in which the absorber is involved during solar thermal 
applications, can be defined as conjugate heat transfer.  The porous solid is invested and 
heated up by the solar radiation. Resulting thermal energy is then transferred to an air 
stream that flows through the structure itself via convection.  
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The entire variety of absorber porous structures can be recognized and characterized by 
parameters and coefficients, defined as effective properties, such as porosity (ε), volumetric 
heat transfer coefficient (hAv) and extinction coefficient (ξ). 
Particularly, the porosity is the measure of the void space in a porous material and is defined 
through the following equation: 
 
𝜀 =  𝑉𝑣𝑜𝑖𝑑 𝑉𝑡𝑜𝑡𝑎𝑙⁄                          (1) 
 
where Vvoid represents the volume of voids and Vtotal is the total outer volume of the porous 
absorber. This parameter ranges between 0 and 1.  
The volumetric heat transfer coefficient, measured in W∙m-3∙K-1, is the product of the 
convective heat transfer coefficient (h) and the specific surface area (Av).  
The first, measured in W∙m-2∙K-1, represents the proportionality constant between the 
convective heat flux and the thermodynamic driving force, in this case the temperature 
difference between solid and fluid phases. The specific surface area, instead, is an index of 
the exchange surface in porous materials and is measured in m2∙m-3. The parameters can be 
expressed by the following equations, respectively: 
 
ℎ =  𝑞𝑐𝑜𝑛𝑣 (𝑇𝑠  −  𝑇𝑓)⁄                                    (2) 
 
where qconv is the convective flux evaluated at the interface, Ts is the surface solid 
temperature and Tf is the average temperature of the surrounding fluid; 
 
𝐴𝑣  =  𝐴𝑤 𝑉𝑡𝑜𝑡𝑎𝑙⁄                                                                (3) 
 
where Aw is the surface directly in contact with the fluid. 
Another parameter of great importance is the volumetric extinction coefficient expressed in 
m-1, as it is useful to characterize the overall interaction between participating porous 
volume and incoming radiation source.  It can be numerically expressed as the exponent in 
the equation representing the intensity attenuation of the irradiation, defined along the flow 
direction though the Beer-Lambert law: 
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𝐼(𝑧)  =  𝐼𝑛  ∙   𝑒
−𝜉∙𝑧                                   (4) 
 
In Eq. 4, I(z) represent the value of the radiation locally calculated and In is the initial 
incoming source.  
For the conversion of the incoming sunlight into usable heat characterized by a high 
thermodynamic efficiency, an optimum combination of such parameters is needed and it 
must be translated into a tailored design of the structure itself. 
2.2.1 Continuum simulation approach 
Different techniques, both numerical and experimental, have been developed in the 
previous years for the prediction of thermal performance or the characterization of effective 
properties in porous absorbers. In some of these techniques, defined as continuum 
numerical approaches, the volume of the absorber is represented by a homogeneous 
medium, without any detailed information regarding the inner geometry. The latter is 
represented by the effective parameters implemented in the numerical model.  
The continuum numerical approach has been adopted by several research groups in the past 
years, as it turned out to be very convenient due to its computing speed and ability to 
simulate very complex structures. 
Figus et al. (1999) analysed the heat and mass transfer within a porous structure, used in the 
evaporator of capillary pump loops, affected by partial heating and vaporization. The study 
has been performed in order to analyse the effect of different pore size distribution on the 
liquid-vapor front using two different numerical models: a continuum model and a detailed 
pore network model. The final comparison of the results showed a good agreement between 
continuum model and pore network model, as far as pores have the same size. Once pore 
size distribution is considered, the pore network model showed more realistic results 
compared to the continuum approach. 
Smirnova et al. (2010) analysed the heat transfer of the ceramic honeycomb absorber 
characterizing the HiTRec-II. Homogeneous and inhomogeneous simulation approaches have 
been used in order to characterize the heat transfer within the porous structure, considering 
convection and conduction. The Brinkmann equation for porous materials has been used 
instead of the Navier-Stokes equation in order to characterize the fluid flow. Radiative heat 
transfer has been considered as a contribution quantity in the energy equation of the 
conduction. The results of the two approaches showed a good correspondence regarding the 
outlet air temperature while with the homogenous model it has also been possible to 
Chapter 2 
 15 
 
 
identify overheating conditions in the center of the inlet surface of the receiver and on the 
cylindrical surface of the supporting cup of the absorber.  
Lipinski et al. (2010) firstly applied an averaging theorem in order to derive continuum-scale 
equations of radiative heat transfer in two-phase media of arbitrary phases. The results 
obtained confirm that radiative transfer in two different phase media can be modeled by a 
set of two continuum-scale equations of radiative transfer describing the variation of the 
average radiation intensities associated with each phase. 
Afterwards, Petrasch et al. (2011) used both a homogeneous and a discrete numerical 
approach for the characterization of the radiative heat transfer through reticulated porous 
ceramics and a packed particle bed.  The discrete-scale approach solved the problem directly 
considering the real three-dimensional geometry obtained with computed tomography, 
while a set of continuum-scale radiative transfer equations and associated radiative 
properties characterized the homogeneous approach. The latter led to a reduction in 
computational time by approximately one order of magnitude but also to a higher 
approximation of the predicted results. 
Furthermore, Kribus et al. (2014) investigated the possible performance of volumetric 
absorbers as a function of geometric and material properties using a simplified one-
dimensional homogeneous model, with non-equilibrium heat transfer correlations and a 
two-flux approximation for the representation of radiative heat transfer. The results show 
that volumetric absorber efficiency can be improved by careful selection of the absorber 
properties, such as porosity, pore size, solid material thermal conductivity and optical 
parameters. 
2.2.2 Discrete simulation approach 
Detailed numerical models have been applied for the study of heat transfer in porous media 
and for the characterization of effective parameters, providing highly reliable results against 
higher memory consumption (Bear, Bachmat, 1990). The models use detailed representation 
of the porous structure and the related microgeometry. In some cases, only a single-unit 
element, characterized by symmetry conditions at the boundaries, is used as control volume 
to reduce the complexity and the calculation time.  
Boomsma et al. (2003) introduced an idealized periodic cell structure in order to analyse the 
fluid flow in open cell metal foams. In this work, an idealized foam cell based on a 
fundamental periodic unit of eight single elements has been considered. The results showed 
lack of agreement on the trend of pressure drop between experimental and predicted 
results, mainly due to the lack of wall effects in the simulations. 
Kopanidis et al. (2010) presented a three-dimensional numerical simulation methodology for 
the heat and mass transfer at pore scale level in high porosity open cell metal foams. The 
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same representation introduced by Boomsma et al. has been used for the characterization of 
the foam cell volume. Model validation has been performed using pressure drop and heat 
transfer coefficients as key parameters, showing reasonable agreement with experimental 
measurements.    
Wu et al. (2011) studied convective heat exchange in reticulated porous ceramics to be used 
in solar heat recovery systems. A detailed geometry of the porous ceramic foam has been 
considered, using idealized packed tetrakaidecahedron structures. A correlation between the 
volumetric local convective heat transfer coefficient and the Reynolds number characterizing 
the air flow has been developed for ceramic foams, covering a wide range of porosities and 
cell sizes.  The correlation results have been compared with experimental data from the 
literature showing good agreement. 
An advanced characterization of reticulate porous ceramics has been used by  
Petrasch et al. (2007) for the determination of radiative effective properties in ceramic 
foams. Here, a three-dimensional representation, generated by computer tomography, is 
used in order to characterize the microstructure. Monte Carlo ray-tracing technique is 
applied in order to calculate extinction coefficient and scattering phase function. 
Based on the work of Petrasch et al. (2007), Haussener et al. (2009) used the exact 3D digital 
geometry of a complex reticulated porous ceramics in direct pore-level simulations. With the 
use of the discrete approach, they determined effective properties such as thermal 
conductivity, permeability and interfacial heat transfer coefficient and kept the Monte Carlo 
method reported before for the simulation of radiative heat transfer. 
In the same work of Smirnova et al. (2010), an inhomogeneous model is used for the 
evaluation of the performance of a volumetric solar receiver with a honeycomb-based 
geometry. Here, a 3D single channel represents the control volume used in the numerical 
calculation. 
2.2.3 Experimental approach 
Experimental analyses have been conducted for a variety of different purposes, from the 
characterization of effective parameters to the study of thermal performance in solar 
absorbers, at laboratory or industrial scale. 
Fend et al. (2004) measured the thermal conductivity and convective heat transfer 
coefficient of different monolithic oxide and non-oxide materials, including ceramic foams 
and extruded honeycombs. The setup mainly consisted of a test bed where the porous 
sample is placed; then, an air stream with alternating temperature flows through the 
structure and is heated. Outlet air temperature is then measured for the characterization of 
thermal performance. A further experimental set-up was presented, able to investigate the 
effect of such properties on the flow instability during high temperature applications, in 
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order to prevent over-heating phenomena. The second setup consisted of a tube heater, 
where the structure sample is placed and a metal sheet, acting as a flow-blocking 
mechanism, is able to recreate over-heating conditions. Then, an infrared camera records 
the sample temperature distribution during the cooling phase. The results obtained have 
been useful to determine the thermodynamic requirements of such structures in order to be 
safely used in solar thermal applications. 
In case of the application of very complex and unordered porous geometries, the pressure 
drop can be a big limitation for the correct usage of such structures in high temperature 
operations. Wu et al. (2010) presented experimental and numerical studies of the pressure 
drop in ceramic foams for solar air receiver applications. They measured the pressure drop in 
the analysed ceramic foams, building up an empirical model based on the experimental 
results. Then, they modified the initial geometry, adding holes in the ceramic structure, 
expecting a decrease of the pressure drop. The results obtained show that the pressure drop 
in those structures follows the Darcy relationship and modified structures dramatically 
decrease the pressure drop. 
In a further work of Hoffschmidt et al. (1996), laboratory scale performance analysis was 
performed with the use of the Solar Furnace at the DLR in Cologne. This installation consists 
of a 25 m2 heliostat and a fixed concentrator. The absorber sample is placed in an insulating 
test bed in the focus of the furnace. Thus, a fan forces ambient air flow through the sample 
followed by a water heat exchanger; the power being transferred to the water represents 
the gain during the heat transfer. Through the ratio between this last value and the incoming 
radiative power, hence it is possible to calculate the thermal efficiency. The same setup has 
been further used in other experimental campaigns for the test of different absorber  
samples (Fend et al., 2004a – Fend et al, 2004b).   
A so-called solar simulator has been used by Smirnova et al. (2013) for the investigation of 
thermal performance of porous absorber structures (HLS – High Flux Solar Simulator). Here, 
an artificial source has been used for the radiative boundary condition, characterized by a 
set of 10 short-arc Xenon lamps with ellipsoid reflectors, providing up to 900 kW ∙ m-2 
concentrated radiation. The latter is focused on the investigated sample placed in a test-bed 
at approximately 1.5 m distance. 
Experimental tests have been performed also at industrial scale, starting from 1989 with test 
of the Sulzer 2 wire mesh receiver (Becker, Sanchez, 1989). During this experimental 
campaign at the PSA CRS tower in Almeria, a test bed was built 40 meters high on the tower, 
characterized by a circular aperture of 0.9 m of diameter. It was later used for other 
experimental campaigns, including the final test of the HiTRec-II volumetric receiver where 
150 test hours under concentrated sun were accumulated (Hoffschmidt et al., 2003a).  
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2.2.4 Analysis of flow instability 
With regard to the analysis of thermodynamic performance in a volumetric solar receiver, a 
special mention should be given to the analysis of flow instability. This phenomenon can lead 
to the destruction of the absorber solid matrix due to local overheating that is caused from 
an inhomogeneous flow distribution in the porous volume.   
The occurrence of this circumstance can be related to different conditions and parameters of 
both the flow and the solid matrix.  
In the study of Kribus et al. (1996), the characteristics of the flow in porous absorbers for 
volumetric receivers were investigated, using an analytical approach. The study indicates 
that the absorber has a limited capability to sustain certain values of irradiation and its upper 
limit is characterized by the blow parameter, defined as the difference in the squares of the 
inlet and outlet pressures divided by the depth and on the the viscosity-temperature 
relation. Furthermore, multiple solutions are possible in case of a steady flow in the 
absorber. Fast and slow flow conditions characterize the different solutions: the first is 
characterized by a high blow parameter and a low outlet fluid temperature while the second 
one presents a higher outlet temperature and a lower value of the blow parameter. 
However, in the slow condition, there is a minimum value of the blow parameter, 
corresponding to an upper limit for the heat flux density that can be handled by the receiver. 
When the irradiance overcomes this value, also the temperature and the viscosity of the 
fluid increase, reducing the mass flow rate for a given pressure drop. This condition is 
identified as chocking, reducing the heat removal capacity in the inner volume of the 
absorber and leading to an overheating of the solid with the consequent failure. 
In the work of Hoffschmidt (1997), the behaviour of different samples of porous absorbers 
has been analysed, showing a direct correlation between the flow instability and the 
pressure loss. The latter, in some of the samples (corrugated foil absorber), is dominated by 
the viscous forces of the laminar flow, thus resulting in a linear pressure loss characteristic. 
In this case, in accordance with the results from Kribus et al. (1996), the tendency of flow 
instability is more likely to occur, especially under high irradiation loads. However, in other 
samples investigated such as irregular ceramic foam, wire mesh absorbers and also ceramic 
honeycomb, inertia effects dominate the pressure loss resulting in a quadratic characteristic. 
This condition corresponds to a more stable behaviour of the flow inside the porous volume, 
thus avoiding instability problems. This conclusion also led to a major consideration 
regarding the prevention of the instable flow, since the simplest approach to avoid such 
problem is the choice of a structure characterized by a quadratic pressure drop. However, an 
alternative could be the application of an outlet orifice plate when structures characterized 
by linear pressure drop are considered (Pitz-Paal et al., 1997). In this last case, since the 
absorber pressure drop is dominated by the one due to the orifice plate that is quadratic, a 
stabilization of the flow can occur.  
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The occurrence of flow instabilities in porous materials has been also analysed in the work of 
Fend et al. (2006). A theoretical analysis on the effect of the heat conductivity and the 
permeability of the porous volume on the flow instability has been carried out, as well as a 
numerical study where the behaviour of the flow in a ceramic foam has been investigated. 
The results showed the presence of particular combination of material and boundary 
condition parameters can lead to an instable flow. In order to avoid this problem, a material 
with high thermal conductivity, as well as a porous structure with a quadratic behaviour of 
the pressure drop must be considered. Particularly, the ceramic foam object of the 
numerical study showed a stable flow condition, being characterized by a high value of the 
material thermal conductivity, as well as a quadratic pressure drop.  
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3 Methods and materials  
In the wide variety of works focused on the development of volumetric solar receivers, clear 
guidelines regarding the improvement and the optimization of the design of such structures 
have not yet been defined. The thesis herein presented is intended to meet this request, 
determining such guidelines and applying them to the design of an innovative porous solid 
structure to be used as solar absorber.  
The design workflow includes several steps, starting from the idea, up to the final prototype 
realization and test, including the development and adaptation of the necessary numerical 
tools. 
For the simulation of the application case, conjugate heat transfer problem must be solved 
for the thermodynamic numerical analysis. The physics that must be addressed are radiation, 
conduction, convection and fluid flow, occurring simultaneously and affecting each other 
when such structures are used in high temperature solar applications. 
Two different numerical approaches have been adjusted and used for the aforementioned 
purpose. The first one is based on the continuum numerical approach, while the second one 
is based on the discrete numerical approach.  
They both solve the conjugate heat transfer problem in porous solid structures, with solid 
and fluid phases characterized by different transient temperatures. This condition is defined 
as Local Thermal Non-Equilibrium (LTNE) (Nield, Bejan, 2013).  
As mentioned before, the main difference between the two numerical tools consists of the 
representation of the control volume used in the numerical simulation procedure.  
In the first case, the porous structure is represented by a homogeneous three-dimensional 
volume that does not contain any information about its internal geometry, as reported in 
Fig. 6a. Here the example of the homogeneous volume representation of a portion of the 
HiTRec-II absorber matrix is shown. The inner geometry of this volume is defined by the 
combination of the effective properties previously introduced that are directly implemented 
in the model. 
On the other hand, the control volume used by the discrete simulation tool is based on the 
detailed representation of the inner geometry, with a single three-dimensional unit 
characterizing the solid control volume, as reported in Fig. 6b. 
Homogeneous approach introduces a higher approximation level compared to the detailed 
model, since the information regarding the exact geometry of the porous structure is not 
reported.  
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-  
Figure 6a. Control volume representation in the continuum simulation tool – e.g. HiTRec-II.  
 
 
Figure 6b. Control volume representation in the discrete simulation tool – e.g. HiTRec-II.  
 
However, the continuum model has a big advantage in its calculation speed and memory 
requirements, lower than the ones required in the discrete simulation tool (Bear, Bachmat, 
1990). For this reason, the homogeneous approach has been used as a proper design tool, 
performing a wide sensitivity study, in which large arrays of each effective property and their 
multiple combinations have been considered. 
As a result of this preliminary analysis, it has been possible to identify an optimized 
combination of the effective parameters and the design path that must be considered in 
order to have a high performing porous micro-structure for high temperature solar 
applications. 
Thanks to the preliminary sensitivity study, it was possible to underline a novel concept of 
solar absorber micro-structure that has been numerically tested, this time with the use of 
the discrete tool, obtaining a more reliable prediction of its thermal performance. 
The newly designed structure has been further refined and adjusted for manufacturing 
needs and limitations. Thus, it has been produced in the form of a prototype and tested in 
order to validate the previously calculated results. 
The general workflow characterizing the adopted research approach can be summarized 
with the following steps: 
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i. problem definition; 
ii. development of necessary numerical tools (continuum- and discrete-based models); 
iii. impact analysis of effective properties variation (sensitivity study);  
iv. development of innovative micro-geometry based on numerical predictions; 
v. innovative geometry numerical test and final refinements with the use of the 
discrete-based numerical model; 
vi. prototype realization and thermal performance evaluation on laboratory-scale. 
 
3.1 Numerical tools 
As previously introduced, two different numerical models have been developed for this work 
in order to carry out a complete design and optimization procedure, differing between each 
other in the representation of the control volume. The models are used for two different 
purposes: the one based on the continuum approach is used to analyse the effect of the 
variation of effective properties on the thermal performance of the absorber. On the other 
hand, the numerical model based on the discrete approach is used to obtain a more precise 
prediction of thermodynamic behaviour of the structure in its final form.   
3.1.1 Continuum model 
In the proposed continuum approach, conduction, convection, radiation and fluid flow are 
reproduced to define the conjugate heat transfer problem taking place in solar absorbers. 
The model has been developed using commercial CFD software COMSOL® Multiphysics  
V. 4.3b. 
A homogeneous three-dimensional volume, representing an arbitrary portion of the 
absorber is used in the continuum model as control volume. Then, the corresponding fluid 
section also presents an inlet zone for the development of the flow. Moreover, the fluid and 
porous volumes are overlapped on each other, in order to simulate the air flow through the 
porous medium under thermal non-equilibrium conditions. 
For the characterization of the porous zone, properties referred to the homogeneous phase 
like the thermal conductivity (kh), the density (ρ) and the specific heat capacity (cp) must be 
weighted in relation to the porosity of the structure, in order to take into account for 
simultaneous presence of solid and air in the same volume.  The extinction coefficient (ξ) is 
used to define the radiative behaviour of the homogeneous medium, while the volumetric 
heat transfer coefficient (hAv), defined as the product of the superficial convective heat 
transfer coefficient and the specific surface area, is used to characterize the convective heat 
exchange between homogeneous and fluid phase.  
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For the numerical calculation of the velocity and pressure fields of the flow, the Navier-
Stokes equation or Darcy´s equation with the Dupuit/Forchheimer extension have been used 
in the continuum model, depending on the case considered. Usually, in order to simulate 
flow through porous media, the second approach provides more precise results, as it takes 
into account permeability and inertial coefficients of the porous solid. They directly affect 
the pressure drop in the flow and hence the overall thermal performance, especially in foam-
based geometries. However, in structures where pressure drops have a lower contribution 
on thermal performance, such as the ones characterized by fluid that develops along a single 
direction (honeycomb), the use of the Navier-Stokes equations is also foreseen (Nield, Bejan, 
2013). 
The heat transfer in the air has been simulated according to the following equation: 
 
−𝑘𝑓𝑇𝑓 + 𝜌𝑐𝑝𝑢𝑇𝑓 = 𝑄𝑓→ℎ                                  (5) 
 
where kf is the fluid thermal conductivity and cp is the fluid specific heat capacity. The first 
equation term represents the conductive term, while the second one is the convective term. 
The heating power from the fluid to the homogeneous volume Qf→h has been determined 
through the volumetric heat transfer coefficient (hAv) according to the following equation: 
 
−𝑄𝑓→ℎ =  𝑄 ℎ→𝑓  =  ℎ𝐴𝑣(𝑇ℎ − 𝑇𝑓)                         (6) 
 
where Th is the temperature of the homogeneous phase. The heat transfer in this equation 
has been simulated through the heat conduction module, based on the Fourier equation: 
 
−𝛻(𝑘ℎ𝛻𝑇ℎ) = 𝑄 ℎ→𝑓 +  𝑄𝑟                                                          (7) 
 
where Qh→f is the heating power from the homogeneous volume to the fluid phase, Qr 
represents the power related to the radiative boundary source term and kh is the weighted 
thermal conductivity of the homogeneous volume, calculated considering the thermal 
conductivity of air and solid and the porosity of the sample.  
For the analysis of the radiation on the homogeneous volume, the Discrete Ordinates (DO) 
approximation method has been applied for the solution of the equation characterizing the 
radiative heat transfer (Fiveland, 1988).  
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The Discrete Ordinates method solves the equation system describing the radiation for a 
finite number of discrete solid angles, each associated with a vector direction Ω, fixed in the 
global Cartesian system. For such reason, integrals are replaced by numerical quadratures, 
and the value of the radiative source In can be expressed as follows:  
 
𝐼𝑛  =  ∫ 𝐼(𝛺)𝑑𝛺
4𝜋
0
 ≈  ∑ 𝑤𝑗𝐼𝑗
𝑛
𝑗 = 1             (8) 
 
The above mentioned set of equations observes the Radiative Transfer Equation (RTE), 
adapted to the DO solution method (Howell et al., 2015). 
In the continuum model, the diffuse boundary irradiation source is set at the inlet section 
and it is composed by two different parts, depending on the porosity of the homogeneous 
volume. It is defined as follows: 
 
𝐼𝑛  =  𝐼ℎ  + 𝐼𝑠                                    (9) 
 
 The first part (Ih) represents the amount of radiation that enters the porous volume and is 
defined according the following equation:   
 
𝐼ℎ  =  𝐼𝑛  ∙  𝜀                                 (10) 
 
where Ih is the amount of radiation entering the volume, In is the value of the radiative 
source investing the absorber and ε is the porosity of the solar absorber.  
On the same section, a boundary heat flux (Is) is set in order to consider the part of 
irradiation that directly hits the solid portion of the homogeneous medium, considering as 
well the reflected and re-emission losses, as shown in Eq. 11: 
 
𝐼𝑠  =  [𝐼𝑛  −  (𝐼𝑛  ∙  𝜀ℎ)  −   (𝑇𝑖
4  ∙  𝜀ℎ  ∙  𝜎𝐵)]  ∙  (1 − 𝜀)                    (11) 
 
where Is is the amount of radiative source that invests the solid part of the homogeneous 
volume.  
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Figure 7. Incoming irradiation settings for the continuum model – In: incoming radiative source; 
 Is: solid boundary heat flux; Ih: amount of radiation entering the homogeneous volume.  
 
This term directly depends on the amount of solid present in the homogeneous volume, 
numerically defined through the complementary value to 1 of the porosity (1 – ε). This value 
multiplies all the terms on the right hand side of the equation. At first, source irradiation 
value is represented by In. Then, there are the negative terms representing the reflected and 
re-emitted radiation. The first is obtained multiplying the radiative source for the emissivity 
of the homogeneous inlet surface (εh). Also this last parameter is weighted in relation to the 
porosity, considering the emissivity of the material under analysis and the one of the void 
portion, considered as 1.  The second negative term represent the re-emitted radiation, 
obtained through the Stefan-Boltzmann correlation. Here, Ti is the temperature reached at 
the inlet and σb is the Stefan-Boltzmann constant. Also this term is multiplied by the 
homogeneous emissivity at the inlet surface εh. 
A simplified sketch is given in Fig. 7, where the different settings for the incoming irradiation 
in the continuum model are displayed. 
Fixed values of mass flow rate (ṁ) and ambient temperature have been considered as main 
inlet condition for the air stream. Inlet fluid temperature and incoming flow velocity have 
been set according the following equations: 
 
𝑇 =  𝑇𝑎𝑚𝑏                                (12) 
 
𝑢 =  𝑈0 ∙ 𝑛𝑖                                 (13) 
 
InIh Is =+
Homogeneous volume
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with u the incoming flow velocity vector, U0  characterizing its magnitude and ni representing 
the vector normal to the inlet surface; 
Both for fluid and homogeneous phases, symmetry for flow and heat flux is applied on the 
surrounding walls of the volume, described by the following equations: 
 
𝑢 ∙ 𝑛𝑤  =  0 (Flow symmetry)                             (14) 
 
 𝑛𝑤(−𝑘𝛻𝑇𝑓 )  =  0 (Heat flux symmetry - fluid phase)        (15) 
 
𝑛𝑤(−𝑘𝛻𝑇ℎ )  =  0 (Heat flux symmetry - homogeneous phase)                  (16) 
 
with nw defining the normal to the surrounding walls. 
The latter have also been considered as gray diffusive walls and as totally reflective surfaces, 
in order to simulate the optical behaviour of the overall absorber. Thus, the following 
condition has been set on the surrounding boundaries: 
 
𝜀ℎ  =  𝛼𝑐  =  0                            (17) 
 
where αc is the the absorptivity of the surface. 
Concerning the outlet conditions, ambient pressure has been set for the air flow, together 
with general outflow boundary for both fluid and homogeneous phases, expressed as 
follows: 
 
𝑝𝑜  =  𝑝𝑎𝑚𝑏                  (18) 
 
𝑛𝑜(−𝑘𝑓𝛻𝑇𝑓 )  =  0    (Fluid phase)           (19) 
 
𝑛𝑜(−𝑘ℎ𝛻𝑇ℎ )  =  0    (Homogeneous phase)         (20) 
Chapter 3 
 27 
 
 
with no representing the normal direction to the outlet surface. 
 
Performance key parameter 
The key parameter for performance evaluation of the analysed structures is the thermal 
efficiency, defined as the ratio between the power transmitted to the fluid and the incoming 
radiative power, according the following equation: 
 
𝜂 =  𝛥?̇? 𝑄𝑛⁄                       (21) 
 
where Qn is the incoming radiative power and is equal to: 
 
𝑄𝑛  =  𝐼𝑛 ∙ 𝐴1                                  (22) 
 
ΔḢ can be calculated according to the following equation: 
 
𝛥?̇?  =  ?̇? (𝑐𝑝,𝑜 ∙ 𝑇𝑓,𝑜  −  𝑐𝑝,𝑖 ∙  𝑇𝑓,𝑖)                                          (23) 
 
where cp,o and Tf,o are the specific heat capacity and the temperature respectively, evaluated 
at the outlet section, while cp,i and Tf,i are the specific heat capacity and the temperature 
respectively, evaluated at the inlet section. 
Thus, Eq. 21 becomes: 
 
𝜂 =  ?̇? (𝑐𝑝,𝑜 ∙ 𝑇𝑓,𝑜  −  𝑐𝑝,𝑖 ∙  𝑇𝑓,𝑖)  (𝐼𝑛 ∙ 𝐴1)⁄                                  (24) 
 
Besides, the continuum model also allows the direct evaluation of the power lost from the 
inlet zone, which is the result of emission and reflection losses coming from the whole 
homogeneous volume.  It can be defined according Eq. 25: 
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𝑄𝑙𝑜𝑠𝑡  =  𝑄𝑛  −  𝑄𝑎𝑏𝑠                                        (25) 
 
In this case, the efficiency can be written as: 
 
𝜂 =  𝑄𝑎𝑏𝑠 𝑄𝑛⁄  =  (𝑄𝑛  −  𝑄𝑙𝑜𝑠𝑡) 𝑄𝑛 ⁄ =  1 − (𝑄𝑙𝑜𝑠𝑡 𝑄𝑛⁄ )                                        (26) 
 
Reference is made to the Appendix A for initial validation and comparison of the above 
mentioned continuum numerical model.  
 
Meshes and solvers 
The Finite Element Method (FEM) is used for the solution of the Partial Differential Equations 
(PDEs) system set to characterize the conjugate heat transfer problem in the continuum 
simulation approach.  
The control volume is discretized with a number of finite elements which results in a 
tetrahedral mesh. It is unique for each simulation case considered, as it depends on the 
different volumes used in the homogeneous simulations. Thus, the dimension of the mesh is 
variable in order to guarantee a high quality of the PDEs system solution. A detailed 
representation of the mesh and its elements dimension distribution will be presented further 
ahead for the optimized geometry sample used in this work.  
Laminar flow has been set for the fluid volume, as typical condition in volumetric receivers 
for this kind of applications (Hoffschmidt, 1997), and a stationary approach is used for the 
study of the conjugate heat transfer. A direct solver has been used for the solution of the 
PDEs system that is solved in just one computational step. The solution is more precise, even 
though more memory is used compared to an iterative solver. However, as the geometry in 
the homogeneous approach is very simple, the use of the direct solver is feasible for this kind 
of application.  
Particularly, a MUltifrontal Massively Parallel sparse direct Solver (MUMPS) is used for the 
computation in the homogeneous simulations. The solver is based on the Lower Upper (LU) 
decomposition, as the matrix characterizing the PDEs system is factorized as the product of a 
lower triangular matrix and an upper triangular matrix, resulting in two sparse linear systems 
that can be easily solved using the MUMPS frontal solver. It is a variant of the Gauss 
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elimination that automatically avoid a large number of operations involving zero terms, thus 
reducing the overall computational time.  
3.1.2 Discrete model 
In the present work, the detailed model has been used in order to have a reliable numerical 
tool for the prediction of the performance of newly designed porous structure geometries. 
This model has also been developed using the commercial CFD software COMSOL® 
Multiphysics V. 4.3b.  
 
 
Figures 8. Incoming irradiation settings for the discrete model – Comsol built-in ray-tracer algorithm 
set on plane XZ according to the experimental setup HLS Solar Simulator, DLR Cologne.  
 
Figures 9. Incoming irradiation settings for the discrete model – Comsol built-in ray-tracer algorithm 
set on planes YZ according to the experimental setup HLS Solar Simulator, DLR Cologne.  
TARGET
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The model is characterized by a definite representation of the three-dimensional solid 
geometry. Particularly, due to the complexity of such structures, unit elements and 
symmetry boundaries are used to represent the entire porous medium. For instance, a single 
channel has been used to represent honeycomb-based structures, as well as unit cell for 
foams. 
The numerical calculation of the velocity and pressure fields of the air flow is based, yet 
again, on the Navier-Stokes formulation. The energy exchange has been treated using 
Fourier´s law for the solid and the fluid phases (Kaviany, 1999).  
The direct irradiation source I is set through a built-in ray-tracer algorithm, taking into 
account the setup of the HLS solar simulator that will be described in more details in the next 
section. The light source has been distributed on different vectors on planes XZ and YZ, as 
shown in Fig. 8 and Fig. 9.  Radiative heat transfer is treated by using the direct area 
integration method through view factor calculations, automatically computed by the CFD 
software. Thus, the irradiation I can be defined as follows: 
 
𝐼 =  𝐼𝑚 +  𝐹𝑎𝑚𝑏𝜎𝐵𝑇𝑎𝑚𝑏
4  +  𝐼𝑒𝑥𝑡                      (27) 
 
where Im represents the mutual irradiation coming from other volume boundaries; Famb is 
the ambient view factor, whose value is equal to the fraction of the field of view that is not 
covered by other boundaries. Therefore, by definition, the correlation 0 ≤ Famb ≤ 1 is valid for 
all points. Tamb is the assumed far away ambient temperature in the directions included in 
Famb, while Iext represent the sum of the products, for each external source, between their 
view factors and the corresponding source radiosity. The latter is defined as the sum of the 
reflected and emitted radiation that leaves the generic surface taking part in the heat 
transfer process as absorbing/emitting medium. 
Radiative Transfer Equation (RTE) is coupled to the heat conduction equation and the 
following boundary condition is set on the solid surfaces:  
 
𝑛(−𝑘𝑠𝛻𝑇𝑠 )  = 𝜀𝑖(𝐼 −  𝜎𝐵𝑇𝑠
4)  +  𝑛(𝑘𝑓𝛻𝑇𝑓)                                (28) 
 
where εi is the superficial emissivity of the solid surface. Outer walls are considered non-
absorbing surfaces, according to Eq. 17. 
Also in the discrete approach, for the air stream fixed values of the mass flow rate and the 
ambient temperature have been considered at the inlet (setting the temperature and the 
flow inlet velocity as reported in Eq. 12 and Eq. 13).  
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For the outlet section, boundary conditions are set according to Eq. 18 and Eq. 19 for the 
fluid phase and according to Eq. 20 for the solid phase. 
 
Performance key parameter 
In the discrete numerical approach, the evaluation of the thermal efficiency is based on  
Eq. 21, where the incoming radiative power is defined as follows: 
 
𝑄𝑛  =  𝐼 ∙ 𝐴𝑖                               (29) 
 
where Ai is the projected surface at the inlet. 
The reader may refer to the Appendix A for initial validation and comparison of the above 
mentioned discrete numerical model.  
 
Meshes and solvers 
The numerical models based on the discrete approach are also based on the use the Finite 
Element Method (FEM) for the solution of the Partial Differential Equations (PDEs) system.  
Since the discrete model is characterized by a detailed representation of the porous 
geometry, two separate volumes characterize the solid and the fluid phase. Thus, two 
different meshes for each volume have been used in the discrete numerical approach. A 
detailed representation of the mesh and its elements dimension distribution will be 
presented further ahead in regards to the optimized geometry presented as a result of this 
work of thesis. 
Also in this case, laminar flow condition has been set for the evolving fluid. Moreover, also in 
the discrete model a stationary approach is used for the solution of the conjugate heat 
transfer problem. Due to the complexity of the control volume and the corresponding large 
number of elements that generally characterizes this kind of simulations, iterative solver is 
set for calculation of the numerical solution. Contrary to direct solvers, iterative methods 
approach the solution of the PDEs system gradually, rather than in one large computational 
step. Therefore, in this case it is possible to observe the error estimate in the solution 
decrease with the number of iterations.   
Particularly, for the simulations herein presented based on the discrete approach, the 
Generalized Minimal RESidual method (GMRES) is applied. It solves the nonsymmetrical 
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system of PDEs equation that characterizes the conjugate heat transfer problem, 
approximating the solution by the vector with minimal residual.  
 
3.2 Experimental setups 
The experimental campaign focused on the analysis of the thermal performance of the newly 
designed absorber sample and its permeability, which is a measure of the ability of 
the porous material to allow fluids to pass through it. The permeability of a medium is 
related to its porosity, but also to the shapes of the pores/channels in the medium and their 
level of connectedness 
The experiments have been performed using two different experimental setups, both 
located at the DLR facility in Cologne.  
3.2.1 Analysis of the thermal efficiency – setup 
The High Flux Solar Simulator (HLS), coupled with a tubular test-bed, has been used to 
investigate the performance characteristics of the absorber sample. With this configuration, 
it is possible to simulate boundary conditions similar to real-case applications in solar power 
plants for a receiver sample. The setup is characterized by a set of 10 short-arc Xenon lamps 
with ellipsoid reflectors, providing up to 4.5 MW∙m-2 concentrated radiation. The latter is 
focused on the investigated sample, placed in a test-bed at a distance of ca. 150 cm from the 
lamps that includes a housing structure of insulating material. 
Only 4 lamps have been used for the performance evaluation, as highlighted in Fig. 10, 
where the whole setup is shown. Short-arc Xenon lamps are displayed on the right side of 
the picture, while on the left side there is the test-bed used for the experiments. In Fig. 11, a 
more detailed picture of the test-bed front zone is shown. The housing of the absorber 
sample is surrounded by the insulating material and a liquid circuit used to cool down the 
part of the structure nearby the sample when the lamps are operating. 
The concentrated radiation coming from the lamps (Iexp), hit the inlet surface of the absorber 
sample that is heated up. The external cooling circuit placed at the front of the test-bed  
(Fig. 11) is used to avoid the heating of the housing structure, ensuring better measuring 
conditions and avoiding biased results concerning the temperature reached by the sample.  
Chapter 3 
 33 
 
 
 
Figure 10. HLS setup – Right: Used lamps highlight. Adapted from: Smirnova et al. (2013). 
 
 
 
 
 
Figure 11. Test bed – Sample housing. 
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Figure 12. HLS flow scheme.  1 – absorber sample, 2 – hot gas tube, 3 – thermal insulation,  4 – heat 
exchanger, 5 – mass flow measurement, 6 – air blower. Adapted from: Smirnova et al. (2013). 
 
The blower is used to provide the pressure difference that generates the air flow in the 
circuit, as described in the flow-scheme in Fig. 12. Thermal insulation is also used on the 
circuit immediately after the test-bed, in order to avoid further heat losses. 
Cold ambient air flowing through the sample and then in the circuit, is heated up and its 
temperature is measured by three thermocouples with an accuracy of ± 1% (Smirnova et al., 
2013), placed in each position TA and TB, as reported in Fig. 12. A counter flow air/water 
heat exchanger has been used in order to protect auxiliary components, like the blower and 
the mass flow meter, from overheating.  
Additionally, surface temperature of the absorber has been measured with the use of an 
infrared camera while the radiation flux on the aperture of the sample has been measured 
using the Flux And Temperature Measurement System (FATMES) with an accuracy 
 of ± 5% (Kalt et al., 1994). 
 
Key parameter  
For the evaluation of the thermal performance of the sample, the key parameter is the 
thermal efficiency, calculated according to Eq. 21. The irradiation power is calculated as 
follows: 
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Figure 13. Experimental setup for the pressure drop analysis: 1 – air blower, 2 – orifice, 3 – 
thermocouples and pressure sensors, 4 – porous sample. 
 
𝑄𝑛  =  𝐼𝑒𝑥𝑝 ∙ 𝐴𝑖                                   (30) 
 
where Iexp is the homogeneous value of the irradiation source, coming from the Xenon 
lamps, while Ai is the aperture area of the cylindrical absorber sample. 
The power transmitted to the fluid is calculated according to Eq. 23. In the latter, the outlet 
air temperature is the average of the hot air temperatures detected by the thermocouples at 
position TA.  
 
3.2.2 Pressure drop  analysis – setup 
The analysis of the pressure drop inside the porous sample has been performed adapting the 
experimental setup shown in Fig. 13 (Reutter et al., 2008). The setup is characterized by a 
tubular structure where a blower is used to generate the air stream inside the circuit (1). The 
tube is long enough to let the air flow be fully developed. Then, a standardized orifice  
(diameter: 22.7 mm) is placed perpendicular to the flow direction (2) and is used for the 
evaluation of the mass flow rate. The latter is calculated taking into account the pressure 
difference measured with an accuracy of ± 1% by two sensors that are placed before and 
behind the orifice (Reutter et al., 2008).  The pressure drop across the sample has been 
measured, together with the air temperature, using two additional sensors placed right next 
to the porous sample and presenting an accuracy of ± 1% (Reutter et al., 2008). 
 
 
1
2
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Key parameter  
For the comparison and the validation of the results obtained through numerical simulation, 
the specific pressure drop (Δp/L) will be considered.  It is defined through the following 
equation: 
𝛥𝑝 𝐿⁄  =  (𝑃𝑖
2  −   𝑃𝑜
2)  2𝑃𝑜𝐿⁄                      (31) 
 
where Po and Pi represents the air pressure evaluated at the outlet and at the inlet of the 
porous sample respectively, and L is the sample length.  
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4 Structure design and optimization  methodology 
The process of design and optimization of a porous absorber structure presented in this 
work is based on several steps, including a first numerical analysis and prediction of thermal 
performance, manufacturing and final experimental validation. The first step has been useful 
to define the guidelines for the improvement of these geometries in the field of solar 
thermal applications and the entire procedure eventually led to the production of an 
optimized porous structure in the form of an experimental demonstrator. 
 
4.1 Sensitivity study through continuum simulation  
A sensitivity study with the use of the continuum numerical approach has been performed to 
evaluate effects of the variation of effective properties on the thermal performance of a 
porous solar absorber. 
For this set of simulations, Navier–Stokes equations have been set for the fluid phase, as the 
study does not take into account the effect of pressure drop on the thermal performance of 
the absorber.  
An arbitrary volume has been chosen as control volume, characterized by a three-
dimensional shape with square cross section, 10.0 mm sides and 50.0 mm depth. 
Several simulations have been carried out, all characterized by the same initial conditions 
based on the lay-out parameters of the Solar Tower in Juelich (Koll et al., 2009), defined as 
follows: 
 In = 6.5∙10
5 W∙m-2; 
 ṁ = 4.3∙10-5 kg∙s-1 (corresponding to: U0 = 0.5
 m∙s-1); 
 Tf,i = 318.3 K; 
 Pf,o = Pamb = 1.0∙10
5 Pa. 
A homogeneous distribution is considered for the incoming radiation source in order to 
lighten the calculation, using an average value of 6.5∙105 W∙m-2. Silicon carbide and air 
material properties depending on the temperature have been used, including density, heat 
capacity and thermal conductivity (Munro, 1997).  
In the study herein presented, three different steps have been identified: in Step 1, the 
variation of the porosity and the volumetric heat transfer coefficient on the efficiency of the 
absorber has been analysed.  
Structure design and optimization methodology 
38  
  
 
In Step 2, also optical behaviour has been investigated, analysing the variation of the 
extinction coefficient. 
Step 3 represents a combination of the results obtained in previous steps, as two theoretical 
cases have been compared, characterized by constant and variable values of porosity and 
extinction coefficient. 
4.1.1 Step 1 – Effect of porosity and volumetric heat transfer coefficient 
variation 
Ranges of values for porosity and volumetric heat transfer coefficient have been set as 
follows: 
 ε = 0.2, 0.3, 0.5, 0.7, 0.9; 
 hAv = (2.0, 3.5, 5.0, 10.0, 30.0, 50.0)∙10 
4 W∙m-3∙K-1. 
The extinction coefficient has been considered constant: 
 ξ = 180.0 m-1. 
In Fig. 14, the variation of the efficiency is shown versus the porosity, for different 
volumetric heat transfer coefficients. In the cases displayed, the incoming radiation is 
entirely absorbed within the volume.  
The efficiency is calculated according Eq. 24. Its value increases as both the porosity and the 
volumetric heat transfer coefficient rise. Lowest performance (η = 0.36) is obtained in 
correspondence of lowest porosity and volumetric heat transfer coefficient (ε = 0.2;  
hAv = 2.0∙10
4 W∙m-3∙K-1). On the other hand, highest value of efficiency (η = 0.83) is obtained 
in correspondence of the highest values of porosity and volumetric heat transfer coefficient 
(ε = 0.9; hAv = 50.0∙10
4 W∙ m-3∙K-1).   
High porosity structures facilitate the penetration of the radiation and hence radiative 
energy is not mainly absorbed in the front zone. This leads to a reduction of the reflection 
and re-emission losses, as structures with high porosity presents less solid portion overall 
(and thus, also at the inlet), leading to lower radiative losses and hence to higher thermal 
efficiency (Kribus et al., 2014).  
Moreover, high volumetric heat transfer coefficient enhances the convection in the 
homogeneous volume, according to Eq. 6. This leads to higher thermal efficiency as the heat 
exchange between solid and fluid phases is improved. 
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Figure 14. Efficiency vs porosity for different values of volumetric heat transfer coefficient. 
 
Furthermore, it can be observed that increasing the porosity, the efficiency value rises up to 
an asymptotic value, especially in structures with low volumetric heat transfer coefficient. 
This is due to the lack of heat exchange surface in structures with low hAv that, combined 
with high porosity, leads to a reduction of the convective heat transfer.   
In addition, it was possible to identify the ranges of ε and hAv that characterize different 
families of solar absorber structures made out of ceramic materials, such as honeycombs, 
foams and fiber meshes (Fend et al., 2004a; Fend et al., 2004b; Wu et al., 2011). Ranges of 
each family are reported below and represented in Fig. 15. 
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Figure 15. Solar absorber generic families. 
 
 Honeycombs: 
- 0.50 ≤ ε ≤ 0.75;  
- 5.0∙104 ≤ hAv ≤ 10.0∙10
4 W∙m-3∙K-1. 
 
 Foams: 
- 0.55 ≤ ε ≤ 0.85;  
- 3.5∙104 ≤ hAv ≤ 30.0∙10
4 W∙m-3∙K-1. 
 
 Fiber meshes: 
- 0.85 ≤ ε ≤ 0.93;  
- 30.0∙104 ≤ hAv ≤ 65.0∙10
4 W∙m-3∙K-1. 
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* Schwarzbözl, P., Hack, U., Ebert, M., 2011. Improvement of Ceramic Absorber Material for Open 
Volumetric Receivers, 2011 SolarPACES Int. Conference, Sept. 20-23, 2011, Granada, Spain.  
Current honeycomb-based ceramic structures present bigger limitations concerning the 
maximum thermal efficiency achievable. Since they are produced through extrusion, 
technology limits in manufacturing directly affect the feasible minimum wall thickness, 
setting limits to the maximum porosity and cellularity obtainable*. 
On the other hand, foam-based geometries are characterized by a higher achievable thermal 
efficiency, as it is possible to obtain dense foams with very thin struts, ensuring at the same 
time high values of porosity and cellularity. However, they are often affected by geometry 
defects, such as closed pores, that can negatively influence the inner heat exchange and 
hence the overall performance (Wu et al., 2010). 
Fiber meshes represents the best solution in terms of porosity and volumetric heat transfer 
coefficient, as they are characterized by very high values of both parameters, due to the very 
thin strands characterizing their porous geometry. Tests on laboratory-scale with ceramic-
made samples showed a very high thermal efficiency achieved. Nevertheless, due to their 
fragility, they have not been able to withstand high thermal loads for a long period, 
necessary for industrial-scale applications (Fend et al., 2004a; Fend et al., 2004b). 
  
4.1.2 Step 2 – Effect of extinction coefficient variation 
In Step 2, the effect of a variation of the extinction coefficient on the thermal performance 
of the absorber has been analysed.  
Different quantities of porosity and volumetric heat transfer coefficient have been set as 
follows: 
 ε = 0.5, 0.9;  
 hAv = (5.0, 50.0)∙10
4 W∙m-3∙K-1; 
 ξ = 20, 40, 60, 80, 100, 120, 140, 160, 180, 200 m-1. 
In Fig. 16, the variation of the efficiency is presented versus the extinction coefficient ξ, for 
different volumetric heat transfer coefficients hAv and porosities ε. 
The dotted gray lines show the transition of results reaching the minimum value of 
extinction that guarantee the full absorption of incoming radiation for each case. On the 
other hand, the colored lines characterize the results once the entire incoming radiation is 
absorbed within the control volume (depth = 50.0 mm).  
 
. 
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Figure 16. Efficiency vs extinction coefficient for different values of volumetric heat transfer coefficient 
and porosity. 
 
This condition is reached in correspondence of two distinct values of ξ for the different 
porosities considered in this set of simulations. Particularly, for the cases characterized by  
ε = 0.9, the use of the entire incoming radiation is obtained once the extinction coefficient is 
larger than the limit value ξ0.9 = 92 m
-1; while, for the cases with ε = 0.5, complete absorption 
is obtained for values of extinction larger than the limit value ξ0.5 = 43 m
-1. 
Higher volumetric heat transfer coefficient and porosity always leads to higher thermal 
performance when full radiation absorption is considered. The curves present a peak in 
correspondence of ξ0.9 and ξ0.5. Decreasing trend characterizes the results obtained with 
extinction coefficients larger than the corresponding limit values, for both porosities and 
volumetric heat transfer coefficients considered.  The highest thermal efficiency is obtained 
in correspondence of ε = 0.9, ξ = 92 m-1 and hAv = 50.0∙10
4 W∙m-3∙K-1 and it is equal to  
η = 0.92. The lowest value, once the radiation is fully absorbed, is obtained in 
correspondence of ε = 0.5, ξ = 200 m-1 and hAv = 5.0∙10
4 W∙m-3∙K-1 and it is equal to η = 0.70. 
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Figure 17. Average temperature profiles along the flow direction for simulation Case 1 and Case 2. 
 
As discussed in the previous section, volumes with higher volumetric heat transfer 
coefficient shows higher thermal performance for each case, as the convection is enhanced. 
Low porosity volumes are characterized by higher radiative losses of reflection and re-
emission at the inlet section, as they are proportional to the amount of solid of the 
homogeneous volume, represented by 1 - ε (Eq. 11). For such reason, lower thermal 
performance are reached in cases with ε = 0.5, compared to the cases with ε = 0.9.  
Eventually, the decrease of thermal performance in case of extinction coefficient larger than 
the limit values of ξ0.9 and ξ0.5 is due to higher radiative losses coming from the inner volume.  
In those cases, the volume absorbs more radiation in the zone directly beyond the inlet 
section, resulting in a higher homogeneous temperature and hence higher re-emission 
losses.  
For further comparison, the temperature profiles along the flow direction of two particular 
simulation points are displayed in Fig. 17. The cases are defined as follows: 
 Case 1: ε = 0.9; hAv = 50.0∙10
4 W∙m-3∙K-1; ξ = ξ0.9 = 92 m
-1; 
 Case 2: ε = 0.5; hAv = 50.0∙10
4 W∙m-3∙K-1; ξ = ξ0.5 = 43 m
-1. 
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They are characterized by the highest value of thermal efficiency among the cases with  
ε = 0.9 and ε = 0.5 respectively.  
Volumetric effect is noticeable in Case 1, as the homogeneous temperature presents a 
growing trend. The highest value is reached in correspondence of the outlet section and is 
matched by the value of the outlet fluid temperature (1181 K). On the contrary, 
homogeneous temperature in Case 2 is characterized by a decreasing trend, with lowest 
temperature reached at the outlet section of the volume (1070 K). 
Thermal equilibrium between homogeneous and fluid phases is reached in both cases at the 
end of the control volume, where the last amount of incoming radiation is absorbed.  
Higher thermal efficiency is reached in Case 1 (η = 0.92), compared to the one obtained in 
Case 2 (η = 0.79). This condition occurs as the radiative losses from the inlet zone are much 
higher in Case 2, due to the higher amount of solid portion, that leads to higher reflective 
losses, and the higher temperature reached by the homogeneous phase (1188 K), resulting 
in higher re-emission losses. 
In conclusion, it can be stated that a low extinction coefficient in combination with a high 
porosity and a high volumetric heat transfer coefficient leads to a higher thermal 
performance in solar absorbers.  From the point of view of the design procedure, a structure 
with low extinction coefficient is characterized by high porosity. However, it is very difficult 
to produce a porous structure presenting at the same time high porosity and high volumetric 
heat transfer coefficient. This would imply the manufacturing of extremely thin elements, 
like solid walls or struts for honeycomb- or foam-based geometries respectively. Thus, as 
current technology limits must be taken into account, a compromise can be represented by a 
graded porosity structure. 
4.1.3 Step 3 – Theoretical simulation with variable extinction 
The consequence of a variation of a wide range of effective properties has been studied in 
the first two stages of the continuum approach methodology. 
Following the conclusions obtained in the second stage, two different theoretical cases have 
been compared in order to analyse the behaviour of a hypothetical structure with variable 
porosity and extinction coefficient, representing a graded porous geometry. 
Two different simulation cases have been considered in the final stage of the continuum-
based methodology. They are both characterized by constant volumetric heat transfer 
coefficient, set as follows: 
 hAv = 3.0∙10
4 W∙m-3∙K-1. 
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Figure 18. Average temperature profiles along the flow direction (z) for cases with constant (Case 1) 
and variable (Case 2) parameters. 
 
Moreover, different porosities and extinction coefficients for the two cases have been 
considered: 
 Case 1: ε1(z) = 0.7 ∀ z ∈ [0, 50]; ξ1(z) =180 ∀ z ∈ [0, 50]; 
 Case 2: [ε2(z) = 0.9, ξ2(z) = 5] ∀ z ∈ [0, 5]; [ε2(z) = 0.7, ξ2(z) = 180] ∀ z ∈ ]5,  50]. 
The first case represents a structure with constant porosity and volumetric extinction, equal 
to 0.7 and 180 m-1 respectively. In the second case, two step functions have been taken into 
account, depending on the depth of the homogeneous volume (z). Case 2 has been used to 
simulate a variable absorption structure, with higher porosity and lower extinction 
coefficient in the first 5 millimetres. 
Temperature profiles along the flow direction z of homogeneous and fluid phases are 
reported in Fig. 18 for each case. 
The results of Case 1 identified with dotted lines, present a decreasing trend for the 
homogeneous temperature. It ranges from the highest value reached at the inlet (1241 K) to 
the lowest one of 1043 K in the outlet section, matched by the fluid temperature at the exit. 
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Case 2, characterized by solid lines, shows the presence of the volumetric effect, as the 
homogeneous initial temperature (582 K) is lower than the corresponding outlet 
temperature (1138 K). The trend of solid and fluid both present a sharp increase after ca. 5.0 
mm. 
This condition is due to the lower absorption coefficient set at the inlet section in case 2. In 
this case, the lower absorbed power results in a lower inlet temperature. Thus, according to 
the Stefan-Boltzmann correlation (Howell et al., 2015), re-emission losses from the inlet 
section are reduced compared to case 1, where a higher absorption coefficient in the inlet 
section leads to a much higher temperature (1247 K). 
This behaviour results in a higher thermal efficiency for the simulation of Case 2, calculated 
according Eq. 24, since the values characterizing the two cases are 0.72 and 0.85 for Case 1 
and Case 2 respectively.  
 
4.2 Effective properties evaluation through discrete simulation 
In the following section, the numerical methodology for the evaluation of characterizing 
parameters such as the porosity (ε), specific surface area (Av), convection (h) and extinction 
(ξ) coefficients will be introduced.  
The porosity and specific surface area have been calculated from CAD geometry, using the 
built-in CAD of the CFD commercial software, as they are defined through ratio of geometric 
quantities (Eq. 1 and Eq. 3). 
For the evaluation of the convection and extinction coefficients, two separate discrete 
simulations have been carried out.  
4.2.1 Convective heat transfer coefficient 
In the discrete simulation set for the evaluation of the convection coefficient h, only the fluid 
volume is considered. In Fig. 19, the example of the honeycomb single channel is reported. 
The Navier-Stokes equations are solved in order to characterize the velocity and the pressure 
fields while the Fourier equation is used to characterize the conduction in the fluid phase. 
The solid phase is not considered, but its effect is resembled considering the fluid volume 
boundaries as solid walls. Furthermore, no irradiation source is considered; however, an 
inward heat flux of fixed intensity is applied on the outer boundaries, simulating the heat 
source coming from the porous solid. 
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Figure 19. Honeycomb single channel control volume and boundary conditions for the evaluation of 
the convective heat transfer coefficient. 
 
Then, inflow and outflow conditions are set at the inlet and outlet sections according to 
Eq.11-12 and Eq. 17-18 respectively. 
The temperature of the outer boundaries of the control volume, representing the solid 
temperature at the interface, and average temperature of the fluid volume are evaluated.  
Afterwards, the average convective heat transfer coefficient is calculated according Eq. 2. 
4.2.2 Radiation attenuation curve - extinction coefficient 
The extinction coefficient is numerically evaluated approximating the trend of the 
attenuation of incoming radiation to an exponential function, fulfilling the Beer-Lambert law. 
The attenuation trend is obtained through a discrete numerical approach as one of the 
outcome of the conjugate heat transfer analysis. A sketch of the control volume used for the 
evaluation of the extinction coefficient of the honeycomb structure is represented in Fig. 20. 
As mentioned in section 4.2, radiation is treated by using the direct area integration method 
through view factor calculations. This approach considers air as a non-participating medium 
and therefore it is not possible to directly evaluate the amount of radiation that proceeds in 
the fluid volume of the structure.  
Thus, a different methodology has been applied. The first value of the attenuation trend 
corresponds to the initial radiative source (In), set as main incoming source. Then, the actual 
amount of radiation that penetrates into the porous volume is calculated taking into account 
reflection and re-emission losses from the inlet solid surface. Their sum is subtracted to the 
initial source, identifying the final value of irradiation entering the porous solid. 
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Figure 20. Honeycomb single channel control volume and boundary conditions for the evaluation of 
the extinction coefficient. 
 
For the evaluation of the trend inside the absorber, the corresponding fluid volume of the 
unit element is discretized into a finite number of sub-sections along the flow direction (z). 
Radiosity (J) is integrated all over the solid boundaries that define the elemental sub-volume.  
It is then divided by the volume characterizing the considered sub-section, obtaining a 
volumetric term that is then multiplied by the depth of the sub-section (Δz) expressed in 
meters. Their product, with reference to that particular section, corresponds to the amount 
of radiation that does not take part in the heat transfer process. Then, the product is 
subtracted from the amount of radiation entering the sub-section. The methodology is 
repeated for each sub-section, resulting in a bar chart characterizing the entire volume that 
is subsequently fitted to the final attenuation curve. The finer the discretization of the 
volume, the higher will be the accuracy of the curve.  
 
4.3 Micro-structure design based on numerical predictions 
The results obtained in the sensitivity study reported in Chapter 5 have led to several 
considerations regarding the development and the optimization of porous micro-structure, 
to be used in high temperature solar applications.  
In a purely theoretical way, it has been possible to analyse the effect of each parameter on 
the thermal performance of porous absorbers.  
However, it should be stressed that some parameters are linked to and act on each other. 
For instance, given a nearly black material, the extinction coefficient is directly related to 
porosity and specific surface area, as low extinction can be obtained with samples with high 
porosity and low cellularity and vice versa. Structures presenting at the same time high 
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porosity and high volumetric heat transfer coefficient have better performance than dense 
structures, while variable extinction coefficient, characterized by increasing value, is helpful 
in order to contain optical losses from the inlet. 
In order to increase the volumetric heat transfer coefficient, it is possible to operate both 
from a fluid-dynamic point of view, acting directly on the convective heat transfer coefficient 
h, and at the structural level, using an absorber which present high specific area Av and, 
therefore, high cellularity. From the design point of view, those statements translate into a 
structure presenting very thin walls/struts and a large number of channels/holes.  
Concerning the radiative behaviour, it is possible to obtain a structure with variable 
extinction coefficient using a graded porosity geometry, which keeps a higher value in the 
front and a lower value in the back zone. This allows a better penetration of the radiation, 
reducing inlet losses, and full utilization of the incoming energy, given a reasonable depth of 
the absorber volume. 
Furthermore, another possible way to enhance the convective heat transfer coefficient is to 
have a random/staggered inner geometry, as section variation can lead to increased 
turbulence and velocity of the flow, achieving higher h, without significant increase of 
pressure drop (Gomez-Garcia et al., 2015).  
 
Geometry optimization 
The design approach presented in this work is based on the optimization of the current 
state-of-the-art HiTRec-II volumetric receiver. The absorber is characterized by a monolithic 
honeycomb structure made out of siliconized silicon carbide (SiSiC), with a square channel 
cross section of 2.0 mm width and a wall thickness of 0.8 mm. It presents an open porosity of 
0.51 and cellularity, expressed in channels per square inches (CPSI), of 80 CPSI. The same 
value can also be expressed as specific area (Av) and it is equal to 1020 m
2∙m-3. 
 
Step 1 
The first step of the optimization procedure foresees the transition to a structure with the 
same overall geometry but thinner walls and a larger number of channels, as shown in  
Fig. 21.  
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Figure 21. Geometry optimization steps. 
 
This particular honeycomb presents an arbitrary chosen channel width of 1.1 mm and a wall 
thickness of 0.2 mm, resulting in a porosity value of 0.71 and a cellularity of 344 CPSI. 
Afterwards, a particular pin-shaped front zone has been considered, in order to obtain a 
graded porosity micro-geometry with a higher porosity in the inlet section. The pins present 
a square section and an arbitrary depth of 1.0 mm. 
 
Step 2 
In the second step the optimum length characterizing the initial pin-shaped zone has been 
determined. Since the pins are characterized by an increasing cross section in the flow 
direction, deeper pins correspond to a slower increase of the overall exchange surface area 
and to a slower decrease of the porosity, directly affecting the extinction of radiation. 
Herein, different numerical simulations based on the discrete approach have been 
performed, using a 3D single channel as control volume. Each volume is characterized by 
different pin depths (d1 = 0.0; 2.0; 5.0; 10.0; 15.0; 20.0 mm). Furthermore, the same 
thermodynamic conditions of the simulations presented in the previous chapter have been 
adopted. 
Increased 
porosity and cellularity
Decreased 
radiative inlet losses
State-of-the-art 
single channel
ε = 0.51 – 80 CPSI
ε = 0.71 – 344CPSI
ε = ε(z) – 344 CPSI(inner)
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Figure 22. Thermal efficiency variation versus pins depth. 
 
Material properties of siliconized silicon carbide (SiSiC) have been taken into account for the 
solid volume, while humid air characterized by 60% of relative humidity has been considered 
as evolving fluid. 
Thermal efficiency and temperature profiles along the flow direction have been evaluated, 
resulting in the charts of Fig. 22 and Fig. 23.  
The thermal efficiency rises as the depth of the pins increases, as reported in Fig. 15. Lowest 
value is obtained in correspondence of d1 = 0.0 mm (η = 0.76) while the highest one is 
obtained for d1 = 20.0 mm (0.89). Efficiency improves as more radiation enters the samples 
with deeper pins, corresponding to lower optical losses from the front zone. However, the 
trend becomes asymptotic after about 10 mm, as the gaining in thermal efficiency is limited 
by the lack of heat exchange surfaces. 
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Figure 23. Average temperature profiles along the flow direction for different pins depth. 
 
The temperature profiles displayed in Fig. 23 refers to the cases characterized by  
d1 = 0.0; 10.0; 20.0 mm. In the first case, the temperature of the solid phase presents a 
decreasing trend, as the inlet solid temperature is higher than the outlet one. On the other 
hand, the fluid temperature rises from the initial value of 318 K to the outlet value of 1088 K. 
Furthermore, thermal equilibrium is reached at ca. 17.0 mm. In the second case, both solid 
and fluid temperature profiles present a growing trend, given the presence of the volumetric 
effect. The solid initial temperature is equal to 842 K while outlet solid and fluid temperature 
is equal to 1139K. Here, thermal equilibrium is reached at ca. 20.0 mm. Eventually, the last 
case reported in Fig. 16, is characterized by a solid temperature profile presenting a variable 
trend. The initial temperature (712 K) results to be higher than a minimum value reached at  
ca. 3.0 mm (643K). Then the temperature rises up to the outlet higher value of 1151 K, also 
corresponding to the outlet fluid temperature. 
Structures with deeper pins allow more radiation to enter the volume, reducing the inlet 
area directly in contact with the incoming source and keeping the inlet solid temperature at 
lower values. This results in lower reflection and re-emission losses from the back zone 
respectively, enhancing the thermal performance as the pins become longer.  Furthermore, 
since the porosity at the front is still less than 1, part of this radiation is absorbed from the 
inlet solid surface in all cases. Particularly, when d1 = 20.0 mm, the solid temperature profile 
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presents a trend inversion in the first millimetres, since the very low value of initial exchange 
surface worsens the heat exchange, encouraging a negative temperature gradient. 
Nevertheless, as the air flows into the structure, the pins cross-section rises, as well as the 
heat exchange surface, inducing again a positive temperature gradient, up to the maximum 
outlet air temperature.  
Taking into account the results described previously, a pin depth of 10.0 mm has been 
adopted in the final shape of the porous geometry, because it has been considered the most 
reasonable compromise in terms of efficiency gained and difficulty in manufacturing. 
 
Step 3 
In the third and final step a staggered channel geometry has been introduced in the back 
zone just after the pins. The resulting micro-geometry is shown in Fig. 17, where a 
perspective view of the 3D single unit element is displayed. Overall depth of 20.0 mm is 
considered, since, according to Fig. 16, it is sufficient to reach thermal equilibrium between 
solid and fluid phases. 
The inlet pin section, identified with AB̅̅ ̅̅  in Fig. 24, covers half of the total length; after which 
there is the staggered honeycomb zone (BD̅̅ ̅̅ , with C as the staggering position). On the other 
hand, Fig. 25 shows a side view of the solid, from which it is possible to easily identify and 
separate the pins zone from the honeycomb. 
After showing excellent performance through detailed numerical analysis, whose results will 
be presented further ahead, the innovative micro-structure has been proposed for 
production, in order to perform laboratory scale experiments for validation of the numerical 
results. 
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Figure 24. Graphic render of the innovative micro-structure unit element. 
 
 
 
Figure 25. Innovative micro-structure unit element – side view. 
 
4.4 Test sample manufacturing 
The current state-of-the-art monolithic honeycomb absorber is fabricated by direct extrusion 
procedure (Hoffschmidt et al., 2003a). This technology is very reliable and cost-effective, 
even though it presents limits concerning minimum dimensions achievable and it is limited 
to structures developed in one direction, e.g. straight channels. Due to the complexity of the 
new geometry and very small dimensions involved, direct extrusion is not suitable for the 
production of this test sample. For these reasons, advanced additive process technology has 
been chosen for the manufacturing, as this technology allows the production of very thin 
and complex structures. 
Electron Beam Selective Melting (EBSM) technique has been adopted for the prototype 
production. EBM foresees the use of a metal powder for the manufacturing of 3D parts.  
20.0 mm
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Figure 26. Graphic render of the absorber demonstrator – side view. 
 
The powder bed is selectively melted layer-by-layer by an electron beam under high vacuum 
atmosphere. 
The process basically begins with the deposition of a first layer of powder over the building 
platform. This layer acts as a base for the building of the whole piece. The electron beam 
scans a predefined area, according to the 2D cross-section of each layer of the piece, melting 
locally the metal powder. After that, the platform descends the value of the layer thickness 
and powder is deposited on top of it again. This procedure is repeated until the component 
is finalized. At the end of this process, the building chamber and the component are cleaned 
and the excess powder can be reused after filtering (Klöden, 2012).   
However, the geometry numerically designed resulted to be too fine even for this process. 
The limitation is mainly related to the focus of the electron beam used to melt the metallic 
powder, since the current technology allows the manufacturing of structures with minimum 
dimensions over 0.3 mm (Alderson, 2013). Thus, an isotropic 3:1 scaled up version of the 
original geometry has been realized in the form of two identical samples, taking into account 
that current technology is under development and finer structures are feasible in the mid-
term future. 
In Fig. 26, a side view of the 3D graphic render of the final sample is reported with outer 
dimensions. The sample is characterized by a cylindrical outer shape, with a diameter of 70.0 
mm and 60.0 mm depth. 
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Figure 27. Ti6Al4V porous demonstrator – side view. 
 
 
Eventually, a demonstrator has been produced with the aforementioned characteristics for 
the validation of the behaviour previously predicted in the numerical study, as shown in  
Fig. 27.  
For its realization, titanium-aluminium alloy (Ti6Al4V) has been used, due to material 
availability constraints of the manufacturer.  The metallic alloy is characterized by different 
thermodynamic properties compared to the SiSiC used for the realization of the HiTRec-II.  
The most relevant for this study are the thermal conductivity (k) and the surface emissivity 
(εi = αc). The thermal conductivity of SiSiC ranges from 110 W∙m
-1∙K-1 at 298 K, to 40 W∙m-1∙K-1 
at 1200 K and is characterized by a very sharp exponential trend (Munro, 1997). Siliconized 
silicon carbide is also characterized by a high surface emissivity and hence a high absorptivity  
(αc - SiSiC = 0.9). On the other hand, Ti6Al4V presents a non-isotropic thermal conductivity, 
which changes linearly from 9 W∙m-1∙K-1 at 298 K, to 16 W∙m-1∙K-1 at 1200 K along the flow 
direction, and from 6 W∙m-1∙K-1 to 12 W∙m-1∙K-1 along the direction perpendicular to the flow. 
The surface absorptivity in this case is lower (αc – Ti6Al4V = 0.6 ) compared to the SiSiC even 
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though, under high radiation loads, the material oxidizes, turning darker and increasing the 
value of αc  (αc – Ti6Al4V - darkened = 0.83) (Alderson, 2013). 
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5 New structure performance and flow analysis 
The thermal performance of the new absorber structure, in its original design dimensions 
and in the demonstrator form, has been evaluated through a discrete-based simulation and 
compared with the current state-of-the-art HiTRec-II honeycomb absorber and two further 
improved honeycomb geometries developed at DLR (Schwarzbözl, 2011).  
Eventually, the outcome of the experimental campaign will be introduced, showing a final 
validation concerning thermal performance and flow behaviour.  
 
5.1 Comparison of numerical results obtained through discrete 
simulation  
A Single unit element and a corresponding fluid volume have been used as control volume 
for this set of simulations. The unit element characterizing the new structure is shown in Fig. 
28. 
5.1.1 Detailed numerical test and comparison with original dimensions 
The newly designed geometry presents a channel width of 1.1 mm and a wall thickness of 
0.2 mm. Moreover, it is characterized by a variable open porosity (ε) with the highest value 
reached in the first section of the pin zone (0.97), down to a minimum value of 0.71 for the 
honeycomb back section. The specific surface area (Av) ranges from the lowest value of 990 
in the first section of the pin zone m2∙m-3, to 2860 m2∙m-3 in the honeycomb back zone.  
For the representation of the optimized geometry in the discrete numerical simulation, solid 
and fluid phases are defined through two separate volumes. A tetrahedral mesh has been 
adopted for the discretization of the solid volume, as reported in Fig. 29. The mesh consists 
of 8.5∙105 elements, presenting an average growth rate of the elements of 1.7 and a 
maximum growth rate of 8.5. The growth rate factor is defined as the ratio between the 
volume of a single elements and the volume of the smallest elements characterizing the 
mesh. 
A combination of tetrahedral and hexahedral elements has been used for the discretization 
of the fluid volume, as reported in Fig. 30. Hexahedral elements have been used for the 
meshing of the fluid layers in the immediate vicinity of the bounding solid surfaces. Here the 
effects of viscosity are significant and a strong gradient of the velocity is present. Thus, since 
hexahedral elements provide more precise solutions and can be better adapted to the shape 
of the interface, they are preferable compared to tetrahedral elements. 
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The mesh consists of 1.6∙106 tetrahedral elements, characterized by an average growth rate 
of 1.4 and a maximum growth rate of 51.1, and 7.3∙103 hexahedral elements, presenting an 
average growth rate of 1.2 and a maximum growth rate of 10.7. 
The unit elements of the structures considered for the numerical comparison are reported in 
Fig. 29. They represent the improvement steps described in Section 4.3. The HiTRec-II is 
characterized by square cells, channels 2.0 mm wide, wall thickness of 0.8 mm and 50.0 mm 
depth, with ε = 0.51 and Av = 1020 m
2∙m-3. Structure A has the same cells shape and depth of 
the HiTRec-II but the channels are 1.4 mm wide and the wall thickness is 0.4 mm, so that ε = 
0.60 and Av = 2560 m
2∙m-3. Structure B is based on the same geometry of the last case, with 
the same channel width and wall thickness but it is characterized by a particular shape for 
boundary surfaces at the inlet zone, presenting a concavity of 1.0 mm.  Characteristic 
geometric values of the above mentioned structures are summarized in Tab. 1. 
 
 
 
 
Figure 28. Single unit element new geometry. 
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Figure 29. Tetrahedral mesh used for the discretization of the unit element solid volume. 
 
 
 
 
 
 
Figure 30. Complex mesh used for the discretization of the unit element fluid volume. 
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Figure 31. Single unit elements characterizing the geometries used for comparison. 
 
 
 
 
 Channel 
width 
[mm] 
Wall 
thickness 
[mm] 
Channel 
depth 
[mm] 
Porosity 
ε 
Specific surface area 
Av - [m
2∙m-3] 
HiTRec-II 2.0 0.8 50.0 0.51 1020 
Structure A 1.4 0.4 50.0 0.60 2560 
Structure B 1.4 0.4 50.0 ca. 0.90 – 0.60 ca. 960 – 2560 
New 
geometry 
1.1 0.2 20.0 ca. 0.97 – 0.71 ca. 990 – 2860 
 
Table 1 – Characteristic geometric values of the structures analysed in the numerical comparison. 
 
HiTRec-II – single channel
Structure A – single channel
Structure B – single channel
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Figure 32. Average temperature profiles along the flow direction for the new geometry and structures 
used for comparison.  
 
For this set of simulation, initial conditions are set according the lay-out parameters of the 
Solar Tower in Juelich (Koll et al., 2009), as reported below: 
 In (average) = 6.5∙10
5 W∙m-2; 
 ṁ = 1.1∙10-6  kg∙s-1 (corresponding to: U0 = 0.5
 m∙s-1); 
 Tf,i = 318.3 K; 
 Pf,o = Pamb = 1.0∙10
5 Pa. 
The direct irradiation source In is set taking into account the setup of the HLS solar simulator 
of DLR, as previously described in section  3.1.2.  
Siliconized silicon carbide (SiSiC) has been considered for the different geometries and 
temperature dependent material properties have been implemented in the model  
(Munro, 1997). Humid air characterized by 60% relative humidity has been considered for 
the fluid volume. 
Temperature profiles of each case along the flow direction z are displayed in Fig. 32. They 
are the result of the interaction between the porous solid structure and the flowing air under 
conjugate radiation, convection and conduction. As the radiation hit the structure, the part 
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which is not reflected and emitted from the inlet solid surface penetrates into it, generating 
a conductive heat flux and heating up the volume and the outer surfaces of the solid. This 
energy is then transmitted through convection to the fluid which is heated up to the highest 
value reached at the outlet. 
The higher the porosity, the higher the amount of radiation that enters the porous structure; 
thus, the thermal performance of the receiver are enhanced. On the other hand, the thermal 
performance is affected by higher optical losses from the inlet solid zone in case of low 
porosity structures. In fact, reflection and emission losses from the inlet are proportional to 
the amount of surface directly hit by solar radiation and to the temperature of the solid 
surface to the fourth power respectively (Howell et al., 2015).  
Moreover, when low porosity is joined by a low specific surface area, the convective heat 
exchange is also affected, causing a bigger temperature difference with thermal equilibrium 
achieved later in the structure between the solid and fluid phases. 
Material thermal conductivity also plays a role in the overall heat transfer process, as it 
directly affects the conduction of the heat into the solid. Whenever the volumetric effect is 
reached and the temperature of the solid phase is characterized by a monotone rising trend, 
a low thermal conductivity can be beneficial in the conjugate heat transfer process, since it 
slows down the transport of heat by conduction to the front. Because of this, the rise in 
temperature toward the initial part is prevented, keeping a low inlet solid temperature and 
hence improving the thermal performance Kribus et al., 2014).  
The HiTRec-II honeycomb geometry is characterized by the lowest value of porosity and the 
highest initial solid temperature (1234 K). It also has the lowest specific surface area, 
therefore, thermal equilibrium is reached nearly at the end of the depth. The thermal 
conductivity of SiSiC also has an influence on this behaviour, as its value drops down as a 
consequence of the high initial solid temperature, increasing the thermal inertia in the initial 
section (Munro, 1997). The combination of all those aspects leads to the lowest value of the 
outlet air temperature (1015 K) and thermal efficiency (ηHiTRec-II: 0.70) of the examined 
structures.  
Performance raises when we consider Structures A and B, as they present a higher porosity 
and specific surface area compared to the current state-of-the-art. Furthermore, the 
particular concave front section is helpful in Structure B to reduce the inlet radiative losses, 
allowing a slightly better penetration of the radiation and hence improving thermal 
efficiency (ηstructure A = 0.74 – ηstructure B = 0.79). 
The new geometry shows the best performance and also the presence of the volumetric 
effect, initial solid temperature (842 K) is the lower and outlet air temperature (1203 K) is 
the highest. Thanks to its graded porosity, the inlet radiative losses are minimized, allowing a 
good penetration of the incoming radiation. Furthermore, the presence of the staggering 
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also lead to a further boost of the temperature reached by the solid as well as the fluid, as 
shown from the temperature trends in correspondence of the staggering section (11.0 mm). 
This, coupled with high values of porosity and specific surface area leads to the highest 
thermal efficiency achieved in this set of simulations (ηnew geometry = 0.90). 
5.1.2 Detailed numerical test and comparison with demonstrator  
Control volumes of the solid and fluid phases for the numerical evaluation of the thermal 
performance of the demonstrator have the same geometry of the simulation case presented 
before. However, in this particular case the dimensions are scaled by a factor of 3.   
The geometry has the same open porosity (ε) as the original design, as the upscaling does 
not affect its ratio, but it does affect the specific surface area (Av). In fact, this parameter 
ranges from 318 m2∙m-3 in the entrance section of the pin inlet zone, up to 870 m2∙m-3 
reached in the back honeycomb zone. In Tab. 2, the characteristic geometric values of the 
demonstrator and the new geometry in the original design are reported for further 
comparison. All the simulations herein presented have been carried out with the same initial 
and boundary conditions and material properties as the previous cases. Only the value of the 
mass flow has been adapted to the enlarged geometry, corresponding to the same value of 
incoming fluid velocity. 
The temperature profiles along the flow direction z are shown in Fig. 33, comparing the 
demonstrator geometry with the other structures.  
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Figure 33. Average temperature profiles of the demonstrator and the comparison cases along the 
flow direction. 
 
 
 
 Channel 
width 
mm 
Wall 
thickness 
mm 
Channel 
depth 
mm 
Porosity 
ε 
Specific 
surface area 
Av - m
2∙m-3 
Incoming 
mass flow 
ṁ - kg ∙ s-1 
Original 
design 
1.2 0.2 20.0 ca. 0.97  – 
0.71 
ca. 990 – 
2860 
1.2∙10-5 
Demonstrator 3.6 0.6 60.0 0.97 ca. – 
0.71 
ca. 318 – 870 1.1∙10-6 
 
Table 2 – Characteristic geometric values of and boundary conditions of the new structure in its 
original design and demonstrator forms. 
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The new structure in the demonstrator form shows the presence of the volumetric effect, 
since the solid inlet temperature (1012 K) is lower than outlet fluid temperature (1144 K). 
The latter is also the highest obtained among the structures considered in this comparison, 
corresponding to the highest value of the efficiency (ηDemonstrator = 0.84). The solid 
temperature profile is characterized by a variable trend; in the pin section (0.0 mm ≤ z ≤ 30.0 
mm), the temperature decreases firstly, from the higher value at the inlet surface of 1012 K, 
down to the value of ca. 950 K at 10.0 mm. Then it rises once again up to the peak value 
reached in correspondence of the end of the pin zone (ca. 1992 K). After that, the 
temperature decreases again down to the final value reached at the end of the structure 
(1144 K). On the other hand, the fluid temperature profile presents a continuous increase 
with sharper trend between 10.0 mm and 45.0 mm. 
The solid temperature profile is influenced by the porosity, the specific surface area and the 
corresponding radiation extinction of the demonstrator. The high porosity at the front is 
helpful for the distribution of the radiation into the porous volume, as the low extinction of 
the incoming sunlight in the inlet pin section reduces the initial optical losses. However, the 
demonstrator is also characterized by the lowest values of Av among the geometries due to 
the upscaling procedure, affecting the convective heat exchange. In particular, the first 
section of the pin zone has the lowest value of Av (318 m
2∙m-3). In this part of the structure, 
the heat gained by the radiation and then transmitted through conduction is larger than the 
one transmitted to the fluid through convection. For this reason, the solid temperature 
pattern shows a negative trend from the beginning to ca. 10.0 mm. Furthermore, in this 
section also the temperature of the fluid is influenced, as it is characterized by a slight 
increase.   After this depth, since the cross section of the pins increases and hence also the 
value of Av becomes larger, the convective heat transfer is enhanced, resulting in a sharper 
increase of both solid and fluid temperatures. A peak characterizes the solid temperature 
profile at ca. 30.0 mm, in correspondence of the initial honeycomb zone. Here, the porosity 
decreases and more radiation is absorbed due to the staggering at ca. 35.0 mm. Moreover, 
the specific surface area in the honeycomb section, even though it is larger than the initial 
pin section, is still characterized by a low value (870 m2∙m-3). This leads once again to a 
condition where the heat gained through radiation and then transmitted through conduction 
is higher than the one transferred to the fluid through convection, causing the peak of the 
solid temperature and a lower increase in the fluid temperature.  
Graded porosity is of primary importance for the reduction of inlet radiative losses and this is 
also clear from the chart in Fig. 34, where attenuation curves of incoming radiation for each 
case, evaluated through the numerical methodology shown in Chapter 6.2, are reported. 
Furthermore, the qualitative estimation of the attenuation curve for a hypothetical optimum 
structure is also displayed on the chart for comparison. This curve has been assumed 
theoretically, taking into account the previous considerations regarding the radiative 
behaviour of different porous structures. 
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Figure 34. Attenuation curves of incoming radiation along the flow direction. 
 
As the boundary radiation source is constant (In = 6.5∙10
5 W∙m-2), the amount of energy that 
actually enters into each volume directly depends on the value of the porosity at the inlet. 
For that reason, the radiation entering the HiTRec-II is the lowest (4.8∙105 W∙m-2), while 
highest value is reached in case of the demonstrator (6.2∙105 W∙m-2). Then the radiation 
continues its path within the volumes, showing sharper trends in denser structures. 
Moreover, in case of the demonstrator, the attenuation curve presents two different 
progressions: a smoother one characterizing the pin zone, and a sharper trend for the back 
honeycomb zone. Here, a discontinuity characterizes the staggering, used to increase the 
extinction of the radiation in the back zone and hence to contain the depth of the  
absorber (Gomez-Garcia et al., 2015).   The attenuation of the radiation in the demonstrator 
geometry has a trend that best approximates the curve of the hypothetical optimum 
structure with the same depth among the cases considered. The qualitative trend of the 
attenuation curve is based on the assumption that the inlet optical losses of reflection and 
re-emission are completely avoided. Thus, the amount of energy that enters the porous 
volume is the same of the boundary radiation source. Then, the energy is entirely absorbed 
in the inner zone of the volume with a smoother trend that proceeds down to the end of the 
volume. The complete extinction in the optimum case occurs exactly in correspondence of 
the last useful section of the volume. In real cases it is not possible to design a geometry 
characterized by the same trend in the initial part, as it should be characterized by a porosity 
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of 1 and thus an extinction coefficient of 0. The staggering in the back zone of the 
demonstrator was helpful to approximate the attenuation trend to the optimum case, 
although the sample is coarse and therefore it is characterized by a low Av and a high ε, 
resulting in a low extinction. 
5.1.3 Comparison of numerical results with demonstrator geometry made of 
SiSiC and Ti6Al4V 
Siliconized silicon carbide and titanium-aluminium alloy Ti6Al4V have been considered for 
the solid volume of the simulations presented in this section based on the demonstrator 
geometry, taking into account the same initial and boundary conditions of the previous 
cases. The material properties of Ti6Al4V used in the presented study are reported in the 
Appendix B (Alderson, 2013). 
The temperature profiles along the flow direction z of both cases are shown in Fig. 35. Both 
cases are characterized by volumetric effect, as the initial solid temperature is lower than 
the outlet fluid temperature. The inlet solid temperature is lower when SiSiC is considered 
(Ts,i – SiSiC = 1021 K; Ts,i – Ti6Al4V = 1039 K), while in this case outlet fluid temperature is higher   
(Tf,o – SiSiC = 1144 K; Tf,o – Ti6Al4V = 1125 K). Thus, also the corresponding thermal efficiency is 
higher for the SiSiC simulation (ηSiSiC = 0.84; ηTi6Al4V = 0.82). Moreover, in both cases the solid 
temperature profile is characterized by a variable trend as a result of the demonstrator 
geometry, with the initial decrease in the first 10.0 mm, then the increase to the peak value 
at 30.0 mm and the final decrease to the outlet temperature, as reported in the previous 
section. This condition is more evident when Ti6Al4V is used and it is due to the lower 
thermal conductivity of the metallic alloy compared to the one of the ceramic material. In 
this last case, the decrease of temperature in the first 10.0 mm and after the peak value is 
smoother thanks to the enhanced conduction that allows the heat to move faster into the 
solid, resulting in a lower initial solid temperature and a higher outlet temperature. 
In order to summarize the numerical results obtained in section 5.1, the thermal efficiency 
(η), initial solid temperature (Ts,i) and outlet fluid temperature (Tf,o) are reported in Tab. 3 
for each case. 
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Figure 35. Average temperature profiles of the demonstrator along the flow direction, considering 
Ti6Al4V and SiSiC as solid material. 
 
 
 Efficiency 
 η 
T Solid inlet  
Ts,i [K] 
T Fluid outlet  
Tf,o  [K] 
HiTRec-II 0.70 1234 1015 @ 50.0 mm 
Structure A 0.74 1195 1054 @ 50.0 mm 
Structure B 0.79 1157 1098 @ 50.0 mm 
New geometry 0.90 842 1203 @ 20.0 mm 
Demonstrator - SiSiC 0.84 1021 1144 @ 60.0 mm 
Demonstrator – Ti6Al4V 0.82 1039 1125 @ 60.0 mm 
 
Table 3. Calculated thermal efficiency, initial solid temperature and outlet fluid temperature – 
numerical comparison. 
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5.2 Experimental validation 
The variation of key parameters, such as the outlet air temperature and the corresponding 
thermal efficiency for different values of the ratio “power on aperture/mass flow rate” 
(P/ṁ), will be shown in the first section and compared with the outcome of numerical 
simulations based on the discrete approach.  
Afterwards, a permeability analysis will be displayed and the results will be compared with 
the ones obtained through the discrete numerical analysis and further values regarding the 
current state-of-the-art. 
5.2.1 Thermal performance  validation 
The thermal performance of the demonstrator geometry has been evaluated in the HLS at 
the DLR in Cologne.  
The measurements have been performed for different values of the air mass flow rate, 
keeping constant the power-on-aperture. The incident radiation of the HLS on the 
demonstrator sample has been reproduced in the discrete simulations with the use of the 
CFD ray-tracer. The irradiation directions and nominal power of each lamp used in the 
experimental campaign has been considered, as described in section 3.1.2. 
The average power on aperture (P) value, together with the other initial conditions set for 
the numerical representation of the experiments, is reported below: 
 P: 2.95∙103 W; 
 ṁ = (33.2; 11.4; 8.3; 6.0; 5.2; 4.4; 4.1)∙10-3 kg∙s-1; 
 Tf,i = 309.7 K; 
 Pf,o = Pamb = 1.0∙10
5 Pa. 
Furthermore, the thermal performances of HiTRec-II, calculated with the discrete numerical 
model in the same environmental conditions, are displayed for further comparison. 
Figure 36 shows the variation of the measured outlet fluid temperature for different values 
of the ratio “power-on-aperture/mass flow rate” (P/ṁ) and corresponding numerical results 
are reported for comparison.  They are characterized by blue and red dots respectively, 
while the dark-grey dashed line represents the numerical results of the state-of-the-art. 
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Figure 36. Outlet air temperature – experimental and numerical comparison. 
 
Error bars for the experimental results take into account the accuracy of the thermocouples 
and the standard deviation of the results for each operational point, corresponding to a 
variation on the temperature value of 2%. Furthermore, the cumulated error of ± 5% on the 
P/ṁ values has been considered, taking into account the accuracy of the FATMES system 
used for the evaluation of the power-on-aperture and a negligible uncertainty on the 
evaluation of the mass flow rate (Kalt et al., 1994). 
The highest mass flow rate and hence the lowest ratio P/ṁ leads to the lowest value of the 
measured outlet fluid temperature (398 K) in all the cases displayed on the chart. As the 
ratio increases, characterizing lower mass flow rates, the outlet temperature rises up to the 
highest value (864 K), obtained for P/ṁ = 705 kJ∙kg-1, corresponding to ṁ = 4.1∙10-3 kg∙s-1. 
The correlation can be represented by a linear trend.  More high values of outlet fluid 
temperature are obtained with the demonstrator compared to the ones of the HiTRec-II, for 
each operational point. This is due to the lower radiative losses of the new geometry 
compared to the losses characterizing the state-of-the-art geometry. Furthermore, the 
numerical results of the demonstrator present a good agreement with the measurements 
after the value of P/ṁ = 350 kJ∙kg-1. Before this point, their values are outside the error limit 
of the measurements.  
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Figure 37. Thermal efficiency – experimental and numerical comparison. 
 
This condition is caused by a transient effect of the test-bed, which alters the measurements 
in correspondence of high mass flow rate and thus of low values of the ratio P/ṁ (Fend et 
al., 2004a). 
The trend of the corresponding thermal efficiency, calculated according to Eq. 19, is reported 
in Fig. 37. The propagation error for the efficiency values has been calculated taking into 
account the accuracy of the instruments involved (thermocouples, mass flow and power on 
aperture measurement systems) and the standard deviation of the measured values of 
outlet fluid temperature. Thus, the experimental efficiency presents an error of ± 5% and the 
corresponding error bars are reported in the chart. Moreover, an error of ± 5% on the P/ṁ 
values has been considered also in this case (Kalt et al., 1994).  
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Figure 38. Solid maximum temperature – experimental and numerical comparison.  
 
The numerical trends of the demonstrator and the HiTRec-II are both characterized by a 
continuous decreasing trend, with the highest value obtained in correspondence of the 
lowest value of the ratio P/ṁ and thus the highest value of mass flow rate. In those cases 
the temperature of the solid is low and hence the re-emission of the radiation, representing 
the highest contribution of thermal losses, is negligible (Kaviany, 1999).  However, since the 
main aim of the volumetric absorber is to obtain a high temperature fluid, this condition is 
not applicable. Thus, decreasing the mass flow rate, the system is capable to produce a high 
temperature air flow. As a consequence, the temperature of the solid rises, as well as the 
thermal losses, affecting the value of thermal efficiency. 
The comparison with the HiTRec-II single channel geometry shows an overall better 
behaviour of the demonstrator, with an increased efficiency up to 13% thanks to the 
optimized inlet design that allows the minimization of radiative losses. 
Also in this case, the numerical results of the demonstrator present a good agreement with 
the measurements, characterized by the blue dots, after the value of  
P/ṁ = 350 kJ∙kg-1, due to the transient effect of the test-bed on the measurements with low 
values of the ratio P/ṁ. 
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Furthermore, the mean solid absorber temperature has been measured with standard 
Forward Looking Infrared (FLIR) thermography camera and the results are shown in Fig. 38 
for each operational point, along with the numerical ones. The vertical error bars correspond 
to a variation of ± 4% and they are the results of the accuracy of the camera and the 
standard deviation calculated for each operational point.  On the other hand, a variation of  
± 5% characterizes once again the values of the ratio P/ṁ (Kalt et al., 1994). 
As the sample presents an average open porosity of above 0.9 at the inlet section dropping 
down to slightly more than 0.7 at the end of the pins, it is reasonable to assume that the 
measured value of the solid temperature corresponds to a weighted value between the 
staggering surface and the initial inlet surface.  
Experimental values are compared with the ones calculated for the same conditions through 
detailed numerical simulations, as displayed in Fig. 38.  The numerical results are 
characterized by lower values compared to the experimental ones, in accordance with the 
overestimation of the outlet air temperature and efficiency stated before. In fact, a higher 
solid temperature corresponds to larger radiative losses, due to the re-emission at higher 
temperature. Thus, the thermal efficiency is reduced. 
At the end of the experimental campaign regarding the analysis of the thermal performance, 
the used sample was damaged during the evaluation of the last operational point, 
corresponding to the lowest value of mass flow rate in the system (P/ṁ = 705 kJ∙kg-1 and  
ṁ = 4.1∙10-3 kg∙s-1). This condition was due to the high superficial oxidation of a portion of 
the structure at the inlet, directly invested by the radiative source. This caused a darkening 
of the affected area that generated a temperature peak above the melting temperature of 
the material, causing the subsequent collapse of the demonstrator. Subsequent experiments 
have been performed using the second realized sample. 
5.2.2 Pressure drop evaluation 
The fluid pressure at the outlet has been measured for the demonstrator geometry using the 
experimental setup shown in section 6.2. The results are shown in the chart of Fig. 39 and 
they have been used for comparison with the corresponding numerical results obtained 
through the discrete numerical simulation. A further comparison has been made with the 
results regarding the HiTRec-II, obtained through detailed numerical analysis.  
Measurements have been performed at constant temperature for different values of 
incoming mass flow rate, as reported below: 
 T = 298 K 
 ṁ = (16.0; 14.0; 12.0; 8.0)∙10-3 kg∙s-1. 
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Figure 39. Specific pressure drop – experimental and numerical comparison. 
 
The specific pressure drop (Δp/L) has been calculated according Eq. 31. Error bars for the 
experimental results show a variation of ± 3%, taking into account the accuracy of the 
instruments for the measurement of the outlet pressure and the standard deviation for each 
operational point.  
Experimental and corresponding numerical results are represented by blue and red dots 
respectively, while the dark-grey dashed line represents the results of the state-of-the-art.  
The measured specific pressure drop ranges between 660 N∙m-3 and 1670 N∙m-3, 
corresponding to a total pressure drop of 20 Pa and 50 Pa, respectively. The numerical 
results calculated under the same experimental conditions show a good agreement with the 
experiments, with a maximum overestimation of 2%.  
As the mass flow rate increases, the pressure drop rises as well with a quadratic trend. This 
behaviour follows the Darcy´s equation with the Dupuit/Forchheimer extension, where the 
specific pressure drop is expressed in relation to the flow velocity, dynamic viscosity (μ) and 
density (ρ), permeability (K1) and inertial (K2) coefficients (Reutter et al, 2008), according to 
the following equation: 
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𝛥𝑝
𝐿
 =  
𝜇
𝐾1
𝑣 +  
𝜌
𝐾2
𝑣2                      (32) 
 
where v is the volumetric flow rate per unit cross section. 
Thus, permeability and inertial coefficients have been calculated for the innovative geometry 
and are listed below: 
 K1 = 3.0∙10
-7 m2; 
 K2 = 4.9∙10
-3 m. 
In comparison to the HiTRec-II structure, the innovative geometry has a higher pressure 
drop. This is due to the staggered characterization of the demonstrator, as section variation 
leads to higher flow velocities and, thus, to higher Δp/L.  
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6 Continuum and discrete simulations with the 
demonstrator geometry 
The thermal performance of the demonstrator geometry obtained through continuum- and 
discrete-based numerical simulation have been compared to highlight the differences 
between the two approaches and quantify the approximation introduced by the continuous 
model in case of complex structures. 
Darcy´s equation with the Dupuit/Forchheimer extension has been used for the 
characterization of the velocity and the pressure field of the fluid in the continuum 
simulation, taking into account the permeability (K1) and inertial (K2) coefficients calculated 
in the experimental campaign. 
Effective properties such as porosity, extinction coefficient and volumetric heat transfer 
coefficient have been evaluated along the flow direction through a detailed numerical 
simulation and have been compared with literature data. Then, the properties have been 
implemented in the continuum model for the comparison. 
As the geometry of the structure changes with depth, different average values of effective 
parameters have been calculated for the two separate sections.  
 
6.1 Evaluation of the effective properties of the demonstrator 
Porosity 
The porosity (ε) of the demonstrator can be expressed with the function shown in Fig. 40 and 
expressed as follows: 
 ε(z) (pins) = [- (1.34∙10-2)z + 0.97] ∀ z ∈ [0.0, 30.0] |  
 ε(z) (honeycomb) = 0.71 ∀ z ∈ ]30.0, 60.0]. 
Its value ranges from a maximum of 0.97 in the very first inlet section, down to 0.71 
characterizing the honeycomb.  
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Figure 40. Demonstrator variable porosity 
 
 
Extinction coefficient 
From the attenuation curve of the demonstrator geometry reported in Fig. 34, it is possible 
to calculate a function of the extinction coefficient characterizing each zone of the structure. 
A linear function defines the parameter in the pin zone and then a constant value 
characterizes the honeycomb on the back, with a discontinuity in correspondence of the 
staggering. Thus, the extinction coefficient for the pin zone is expressed as follows: 
 ξ(z) (pins) = (0.33z + 2) ∀ z ∈ [0.0, 30.0]. 
On the other hand, the extinction coefficient in the honeycomb zone is defined as reported 
below: 
 ξ(z) (honeycomb) = 51.0 ∀ z ∈ ]30.0, 34.8] | 214.0 ∀ z ∈ ]34.8, 35.2] | 51.0 ∀ z ∈ 
]35.2, 60.0]. 
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Figure 41. Demonstrator variable extinction coefficient 
 
The function is displayed in Fig. 41, plotted along the Z-axis direction. The presence of the 
peak value of 214.0 m-1 is due to the sharp discontinuity in the trend of the extinct radiation 
in correspondence of the staggering in the honeycomb zone, as reported in the previous 
section in Fig. 34.  
 
Volumetric heat transfer coefficient 
The volumetric heat transfer coefficient has been evaluated according to the numerical 
methodology reported in section 4.2.1, considering an incoming fluid velocity U0 = 0.5
 m∙s-1. 
In particular, the volumetric heat transfer coefficient of the initial pin zone is defined 
through a linear function, as reported below:  
 hAv(z) (pins)  = 421  + (1.5∙10
4). 
Instead, a constant value characterizes the honeycomb zone, with the discontinuity 
characterizing the section variation in correspondence of the staggering:  
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Figure 42. Demonstrator variable volumetric heat transfer coefficient 
 
 hAv (honeycomb) = (5.2∙10
4) ∀ z ∈ ]30.0, 34.8] | (7.4∙104) ∀ z ∈ ]34.8, 35.2] | (5.2∙104) 
∀ z ∈ ]35.2, 60.0]. 
The volumetric heat transfer coefficient for the innovative geometry is displayed in Fig. 42. 
Once again, the presence of the peak value of 7.4∙104 W∙m-3∙K-1 is due to the presence of the 
staggering in the honeycomb zone.  
 
6.2 Dimensionless parameters  
The trends of dimensionless quantities such as Nusselt (Nu) and Reynolds (Re) numbers have 
been evaluated for the pin and the honeycomb sections of the new geometry. 
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Nusselt Number 
The Nusselt number represents the dimensionless form of the heat transfer coefficient (h). 
For this calculation, average values of the h have been considered for the pin zones of both 
the original structure and the demonstrator.  
The Nusselt number is defined by the following equation: 
 
𝑁𝑢 =  
𝑞𝑐𝑜𝑛𝑣
𝑞𝑐𝑜𝑛𝑑
 =  
ℎ(𝑇𝑠 − 𝑇𝑓)
𝑘𝑓(𝑇𝑠 − 𝑇𝑓) 𝐷ℎ⁄
 =  
ℎ𝐷ℎ
𝑘𝑓
               (33) 
 
where Dh is the characteristic length, useful to define the scale of the physical system.  In the 
pin region, the characteristic length is defined as the ratio of the fluid volume to the total 
wetted surface area. This definition is particularly common in studies regarding the 
convection analysis in pin-fin arrays used in heat exchangers with transversal flow, although 
there is a lack of examples for cases involving flow parallel to the pins, like the analysis 
herein presented (Bejan, Morega, 1993). On the other hand, in the honeycomb zone the 
characteristic length is represented by the channel width.  
 
Reynolds Number 
The Reynolds number is a dimensionless quantity defined as the ratio of inertial forces to 
viscous forces, representing their relative importance for given flow conditions and can be 
defined as follows: 
 
 𝑅𝑒 =  
𝜌𝑈𝐷ℎ
𝜇
                   (34) 
 
It is used to characterize different flow regimes within similar fluid, such as laminar and 
turbulent flow. 
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Prandtl Number 
The Prandtl number is a dimensionless number representing the ratio of momentum 
diffusivity to thermal diffusivity within a fluid and can be defined through the following 
formula: 
 
𝑃𝑟 =  
𝑐𝑝𝜇
𝑘
                               (35) 
 
A constant value of the Prandtl number equal to 0.69 has been calculated. 
Characteristic lengths (Dh) of the four possible configurations are reported below: 
 Dh original structure – pins: 6.7∙10
-4 m; 
 Dh original structure – honeycomb: 1.1∙10
-3 m;  
 Dh demonstrator – pins: 2.0∙10
-3 m; 
 Dh demonstrator – honeycomb: 3.3∙10
-3 m.  
 
Figure 43 shows the trend of the Nusselt number against the product of the Reynolds 
number and the Prandtl number, for each section of the original structure and the 
demonstrator. 
The Nusselt number in both honeycomb sections is characterized by a quadratic trend, while 
it has a linear trend in the pin zones. In all the cases reported, Nu rises as the product 
between Re and Pr increase. Furthermore, the chart points out that the Nusselt number is 
higher in the honeycomb section in both cases. This is due to higher value of the convective 
heat transfer coefficient and characteristics lengths in the honeycomb section, as previously 
described. Moreover, the slope of the original structure is higher compared to the one of the 
demonstrator for both the pin zone and the honeycomb zone.  
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Figure 43. Nusselt number versus Reynolds number multiplied by Prandtl Number for the pin zone and 
the honeycomb zone of the new geometry (original structure and demonstrator). 
 
Numerical correlations have been found for the pin and honeycomb sections of both 
configurations, as reported below: 
 Original structure – pins: Nu = 2.2∙10-2 + 2.6∙10-2 Re∙Pr; 
 Original structure – honeycomb: Nu = -6.0∙10-5 (Re∙Pr)2 + 3.2∙10-2 Re∙Pr + 3.1; 
 Demonstrator – pins: Nu = 1.7∙10-2 + 1.4∙10-2 Re∙Pr; 
 Demonstrator – honeycomb: Nu = -5.0∙10-5 (Re∙Pr)2 + 2.4∙10-2 Re∙Pr + 3.0. 
Concerning the honeycomb sections, it is possible to compare the trends with literature 
correlations such as the one proposed by Leuchter (1996) for monolithic honeycomb 
structures crossed by laminar flow, where the Nusselt number is expressed in function of the 
product of Reynolds and Prandtl numbers and also of the ratio between the characteristic 
length and the total length of the honeycomb considered. The product of Reynolds and 
Prandtl numbers ranges from 18 to 160 for the cases displayed. 
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Figure 44. Nusselt number versus Reynolds number multiplied by Prandtl Number for the honeycomb 
section of the new geometry (original structure and demonstrator) with comparison data from 
Leuchter (1996).  
 
Figure 44 shows the comparison between the presented results and the correlation 
proposed by Leuchter (1996) for the honeycomb sections of the original structure and 
demonstrator.  
Both cases show a good agreement in the first part of the trend (Re∙Pr ≤ 80), although the 
gap between the correlations become bigger after that threshold value. This is due to the 
increase of the value of h in presence of the staggering that leads to a higher Nusselt 
number.  
 
6.3 Comparison of the demonstrator thermal performance obtained through 
discrete- and continuum-based simulations 
A comparison of the results for one operational point of the experimental campaign has 
been performed with the use of the discrete- and continuum-based simulation models. 
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Figure 45. Control volume for the continuum simulation. 
 
Particularly, the measurement with the lowest air mass flow and thus the highest outlet fluid 
temperature has been taken into account for the analysis: 
 ṁ = 4.1∙10-3  kg∙s-1 (P/ṁ = 705 kJ∙kg-1); 
 Tf,o = (864.4 ± 17.3) K; 
 Tf,i = 318.3 K; 
 Pf,o = Pamb = 1.0∙10
5 Pa. 
The control volume of the discrete model consists of a single unit element, as reported in 
section 5.1. The incoming radiation source for this case has been set according the lamps 
positioning in the HLS experimental setup with the use of the CFD ray-tracer, as reported in 
section 3.1.2.  
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Figure 46. Tetrahedral mesh used for the discretization of the homogeneous volume in the continuum 
simulation. 
 
On the other hand, in the continuum simulation a homogeneous volume characterizes the 
porous structure, retaining the cylindrical outer shape and dimensions of the manufactured 
demonstrator, as shown in Fig. 45. Also in this case, an inlet fluid volume of 10.0 mm depth 
has been placed before the actual volume for the development of the fluid in the continuum 
simulation. 
For the discretization of the homogeneous volume, a tetrahedral mesh has been considered, 
as shown in Fig. 46. The mesh consists of 8.7∙104 elements and it is characterized by an 
average growth rate of 1.5 and a maximum growth rate of 3.7. 
Darcy´s equation with the Dupuit/Forchheimer extension has been implemented in place of 
Navier-Stokes in the continuum simulation, considering the permeability and inertial 
coefficients of the demonstrator calculated in section 5.2.2.  
The incoming radiation source in the continuum model has been calibrated considering the 
flux distribution of the experimental setup on the incoming surface of the sample, as shown 
in Fig. 47 and Fig. 48. 
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Figure 47. Experimental irradiation source measured using the FATMES system. 
   
 
 
Figure 48. Irradiation distribution on the homogeneous inlet surface set in the continuum simulation. 
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Ti6Al4V titanium-aluminium alloy has been considered as solid material in both the discrete 
and the continuum simulations. 
The outlet fluid temperature and the corresponding thermal efficiency have been evaluated 
using the continuum numerical model and compared with the experimental results. The 
measured air outlet temperature of the operational point used for comparison is equal to 
(864.4 ± 17.3) K and it corresponds to a thermal efficiency of 0.82, calculated according  
Eq. 24. On the other hand, the calculated air outlet temperature is equal to 881.3 K and thus 
the correlated thermal efficiency (0.85) results to be higher of 3% compared to the 
measured one, which can be seen as equivalent if experimental uncertainties are regarded. 
The results obtained are summarized in Tab. 4. 
The results of the numerical homogeneous simulation are characterized by a higher outlet 
fluid temperature and as a consequence the thermal efficiency is overestimated compared 
to the results obtained during the experiments. This can be caused by the use of effective 
properties to characterize the complex inner geometry of the demonstrator in the 
continuum approach and also to the heat losses in the test-bed or a combination of both.  
Moreover, in Fig. 49, the amount of power reflected and re-emitted from the inlet section is 
shown. The thermal performance of the demonstrator has been also evaluated according to 
Eq. 26. 
 
 
 
Demonstrator T Fluid outlet  
Tf,o  [K] 
Efficiency 
 η 
Experiments (864.4 ± 17.3) 0.82 
Continuum approach 881.3 0.85 
 
Table 4. Calculated thermal efficiencies, initial solid and homogeneous temperatures and outlet fluid 
temperatures of the demonstrator – discrete and continuum simulations. 
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Figure 49. Inlet power loss - demonstrator. 
 
A higher amount of radiation is lost in proximity of the outer boundaries due to the presence 
of diffuse reflective walls as surrounding surfaces.  
In this particular case, average values of the irradiated and the lost power can be expressed 
as follows: 
 Qaverage = 2512 W; 
 Qlost = Qn – Qabs = 373 W. 
Thus, the efficiency so calculated will corresponds to the one previously evaluated according 
to Eq. 24, as reported below: 
 ηcont = (Qn - Qlost)/Qn = 0.85. 
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6.4 Flow instability analysis on the demonstrator geometry through 
continuum simulation. 
The flow instability in volumetric receivers represents one of the biggest concerns regarding 
their application in high temperature solar systems and for this reason it has been object of 
study of several research groups, as reported in section 2.2.4. This phenomenon can lead to 
the occurrence of a particular condition in which some areas of the inlet surface of the 
porous medium are obstructed, blocking the air flow (chocking). In this case, the porous solid 
in proximity of the obstructed inlet areas can reach very high temperature (hotspot), as it is 
not cooled down by the incoming air stream and it may lead to the destruction of the 
structure. In the work of Fend et al. (2006), the effect of the material thermal conductivity 
was investigated on the occurrence of flow instability, showing that a material with low 
thermal conductivity could favor the onset of this phenomenon. 
In the following section, a set of numerical simulation based on the continuum approach will 
be presented, with the homogeneous demonstrator as control volume. The simulations have 
been carried out considering the following initial conditions: 
 In (homogeneous) = 6.5∙10
5 W∙m-2; 
 ṁ = 2.4∙10-3  kg∙s-1 (corresponding to: ui = 0.5
 m∙s-1); 
 Tf,i = 318.3 K; 
 Pf,o = Pamb = 1.0∙10
5 Pa. 
 The same effective properties of the manufactured demonstrator have been taken into 
account, with the exception of the effective thermal conductivity. For this last parameter, 
averaged according the porosity of the homogeneous volume, three different material 
thermal conductivities have been considered: k1 = 0.5 W∙m
-1∙K-1 for the first case, the 
medium value of the Ti6Al4V alloy used for the realization of the sample for the second case 
(k2 = 10.5 W∙m
-1∙K-1) and k3 = 15.0 W∙m
-1∙K-1 in the third case, characterizing a generic iron-
based alloy (FeCrAl). Furthermore, for each case, two different flow conditions have been 
set: the first presents an in-flow condition where no obstructions are present, with a 
constant incoming mass flow condition as set in section 6.3. The second one, instead, takes 
into account the presence of blocked flow in a small portion of the inlet area, with the 
consequent hotspot characterization, as reported in Fig. 50.  For this condition, a superficial 
step function has been set for the incoming mass flow, characterized by a null value in 
correspondence of the hotspot inlet zone. 
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Figure 50. Characterization of the flow obstruction in case of flow instability for the homogeneous 
demonstrator volume. 
 
For a precise characterization of the temperature levels reached by the solid homogeneous 
phase during the occurrence of hotspots, the temperature profiles have been plotted along 
the crossing-line parallel to the Z-axis.   
Temperature profiles of homogeneous and fluid phases are plotted for the three different 
material thermal conductivities considered, as reported in Fig. 51, Fig. 52 and Fig. 53. The 
solid lines represent the results for a free-inflow condition while the dashed lines represent 
the hotspot condition. 
The results shown in Fig. 51 characterize the case with the lowest value of material thermal 
conductivity. Particularly, in the hotspot condition, the solid temperature in correspondence 
of the flow obstruction at the inlet reaches 1900 K, in contrast with the value of 1190 K in 
case of free in-flow condition. This is due to the lack of air flow that cools down the inlet 
solid zone in correspondence of the hotspot, resulting in a lower outlet air temperature and, 
thus, in a lower thermal efficiency compared to the free in-flow condition. Furthermore, the 
extremely high temperature reached by hotspot in this case can lead to a structure failure 
and local melting, depending on the material used for manufacturing.  
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Figure 51. Demonstrator temperature profiles along the crossing line (Z-axis) for k1 = 0.5 W∙m
-1∙K-1. 
 
Figure 52. Demonstrator temperature profiles along the crossing line (Z-axis) for k2 = 10.5 W∙m
-1∙K-1. 
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Figure 53. Demonstrator temperature profiles along the crossing line (Z-axis) for k3 = 15.0 W∙m
-1∙K-1. 
 
In Fig. 52, the results characterizing the free in-flow and hotspot conditions for the second 
case are reported. Here, the thermal conductivity of the Ti6Al4V alloy is considered in the 
simulation. Also in this case, the worsening of the performance in case of hotspot condition 
is evident from the homogeneous temperature profile, as the initial solid temperature is 
higher compared to the free-in-flow condition of the same case. As a consequence, outlet 
fluid temperature and thermal efficiency are lower in case of the presence of a hotspot. 
However, the value of the thermal conductivity is high enough to avoid critical overheating 
or melting also in presence of a hotspot condition, as the highest solid temperature reached 
is of 1198 K, lower than the Ti6Al4V alloy melting temperature of 1600 K (Alderson, 2013). 
Figure 53 shows the results obtained in the third and last case, characterized by the highest 
value of material thermal conductivity considered (FeCrAl alloy, k3 = 15.0 W∙m
-1∙K-1). Once 
again the difference between the two conditions displayed is evident, as the homogeneous 
temperature in case of hotspot is always higher than the one of the free in-flow condition. 
However, also in this case, the overheating is relatively contained due to the higher value of 
thermal conductivity that is able to distribute the heat more quickly within the 
homogeneous phase.  
From the continuum-based numerical analysis reported in this section, it was possible to 
determine for each case considered, characterized by variable material thermal conductivity, 
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two different solutions: the first with normal free in-flow condition and the second one 
where a flow instability phenomenon is represented by the presence of a blocked section at 
the inlet, defined as hotspot condition. The latter always generates a worsening in the 
thermodynamic performance of porous absorbers, as it leads to a higher inlet solid 
temperature in correspondence of the hotspot, with lower outlet fluid temperature and 
thermal efficiency as a consequence. However, this behaviour become worrisome only in 
presence of low values of material thermal conductivity, where there is the risk of reaching a 
temperature of the solid that is greater than melting temperature 
Nevertheless, as reported in section 5.1.1, a low thermal conductivity can be beneficial in the 
heat transfer process when the volumetric effect is achieved in structure characterized by a 
monotone rising trend for the solid temperature (Kribus et al., 2014). Thus, a compromise 
must be considered in case of design and material choice of further porous structures to be 
used in high temperature solar application.   
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7 Conclusion and outlook 
The study herein presented was set out to design an advanced porous micro-structure to be 
used in high temperature solar applications. It was mainly composed of two parts: the first 
was focused on the assessment of the effects of the variation of effective parameters such as 
porosity, volumetric heat transfer and extinction coefficients on the overall absorber 
performance. The study has been carried out with the use of the continuum numerical 
approach, characterized by a homogeneous representation of the absorber control volume. 
A wide sensitivity study, were each effective parameter was varied individually and in 
combination with each of the others, has been performed. 
Then, the knowledge gained through this step was useful to identify an optimization path 
valid for all kinds of structures in this field of application, leading to the design of a new 
optimized micro-geometry. 
The main theoretical findings of the sensitivity study performed in the first part can be 
summarized as follows: 
 a graded porosity with higher values in the front is helpful to reduce the radiative 
front losses; 
 a reduction of the overall walls/struts thickness is useful to increase the exchange 
surface inside the porous absorber, thus, enhancing the convective heat exchange; 
 a staggered inner geometry is also convenient to increase the convective heat 
exchange and to reduce the depth of the absorber structure, thus reducing the 
manufacturing costs.  
Based on those assumptions, an innovative geometry has been designed in the second part 
of the study and it has been numerically tested with the use of a discrete simulation. Here, a 
detailed geometry representation of the unit element of the new micro-structure has been 
used as control volume. Afterwards, a 3:1 scaled up demonstrator has been produced, taking 
into account current technology limits in manufacturing. Experimental validation of the 
numerical methodology and results has been performed showing good agreement, even 
though oxidation problems occurred during the evaluation of thermal performance, causing 
the breakdown of the demonstrator sample at the end of the experimental campaign. 
The results obtained in the frame of this study are of utmost importance as they anticipate a 
near future development of solar absorber structures, characterizing a complete 
optimization path that can lead to improved geometries and thermal performance. 
Furthermore, the new geometry proposed in the form of the manufactured demonstrator 
leads to a significant increase of the thermal performance compared to the current state-of-
the-art for volumetric solar receivers.  
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The demonstrator sample produced at the end of this work showed very good thermal 
performance during the experiments. The efficiency of such structures can be enhanced 
even more in the mid-term future with the use of finer geometries, such as the newly 
designed concept with the original dimensions.  
A further optimization of the final shape of the micro-structure can lead to even higher 
performance, sticking on the concept of graded porosity and adjusting the inner and outer 
shape to the different needs of the solar absorbers. This can be achieved using the numerical 
tools developed in the frame of this work, especially the one based on the continuum 
approach. The latter can be used as a powerful design tool in which all the characteristics of 
the absorber structures can be modified and analysed for the final purpose of 
thermodynamic optimization. It will be also possible to explore different solutions in terms 
of advanced structures, since the ductility of the simulation tool does not place limits of 
geometry and materials.  
The other aspect that must be taken into account is the material choice. Due material 
availability relevant constraints, the demonstrator was manufactured using a titanium alloy 
that was not perfectly suited for the high temperature solar application. This has led to the 
consequent failure of the structure at the end of the experimental campaign, mainly due to 
the high oxidation power of the material under high radiative flux. Furthermore, the 
structure itself represented a big challenge for manufacturing due to its particular pointed 
and fine shape. So far, selective additive procedures are the only possible option for the 
production of this type of structures and they set limitations in the material choice, due to 
the availability of the latter in the form of a metallic powder. The use of iron- or nickel-based 
alloys can certainly improve the thermal performance but also in this case oxidation 
phenomena must be taken into account.  Ceramics could be a further choice, but the 
feasibility of those complex structures using ceramic materials is still questionable. For those 
reasons, cooperation with material scientists must be foreseen in the near future to have a 
more precise picture on the limits and potentialities of structural materials. 
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Absorber structure Ts,max  [K] Tf,o  [K] η Description 
HiTRec-II 1234 1031 @ 50.0mm 0.70 Geometry: 
Honeycomb – 
square channels 
Material: 
Siliconized silicon 
carbide (SiSiC) 
Characteristics:   
ε = 0.51 
80 CPSI 
Advanced honeycomb - 
200 CPSI 
1195 1056 @ 50.0mm 0.75 Geometry: 
Honeycomb – 
square channels 
Material: 
Siliconized silicon 
carbide (SiSiC) 
Characteristics:   
ε = 0.60 
200 CPSI 
IKTS ceramic foam 1179 1068 @ 50.0mm 0.77 Geometry: Foam 
Material: 
Siliconized silicon 
carbide (SiSiC) 
Characteristics:   
ε = 0.76 
10 PPI 
Advanced honeycomb - 
200 CPSI  
(Front mechanically 
treated)  
1157 1098 @ 50.0mm 0.80 Geometry: 
Honeycomb 
Material: 
Siliconized silicon 
carbide (SiSiC) 
Characteristics:   
ε = 0.90 – 0.60 
200 CPSI 
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Innovative demonstrator 1039 1125 @ 60.0mm 0.82 Geometry: 
Variable (spikes + 
staggered 
honeycomb 
Material: Titanium 
alloy (Ti6Al4V) 
Characteristics:   
ε = 0.96 – 0.71 
318 – 870 m2∙m-3 
Innovative structure 
(original design) 
842 1171 @ 20.0mm 0.90 Geometry: 
Variable (spikes + 
staggered 
honeycomb 
Material: 
Siliconized silicon 
carbide (SiSiC) 
Characteristics:   
ε = 0.97 – 0.71 
1330 – 2860 
m2∙m-3 
 
Table 5. Calculated thermal efficiencies, initial solid temperatures and outlet fluid temperatures of the 
different absorber geometries investigated trough discrete simulation.  
 
 
 
 
 
 
 
  
References 
 99 
 
 
8 References 
Alberti, F., Santiago, S., Roccabruna, M., Luque, S., González-Aguilar, J., Crema, L., Romero, 
M., 2015. Numerical Analysis of Radiation Propagation in Innovative Volumetric Receivers 
Based on Selective Laser Melting Techniques - 2015 SolarPACES Int. Conference, Oct. 13-16, 
2015, Cape Town, South Africa. 
Alderson, N. A., 2013. Thermal Modeling and Simulation of Electron Beam Melting for Rapid 
Prototyping on Ti6Al4V Alloys, Ph.D. Thesis, North Carolina State University, Raleigh, NC, 
USA. 
Bear, J., Bachmat, Y., 1990. Introduction to Modeling of Transport Phenomena in Porous 
Media. Springer, New York. 
Becker, M., Böhmer, M., 1987. Proceedings of the Third Meeting of SSPS - Task III - Working 
Group on High Temperature Receiver - Technology, No. 2/87, Alburquerque, NM, USA. 
Becker, M., Sanchez, M., 1989. Report of the Wire Pack Volumetric Receiver Tests Performed 
at the PSA in 1987-1988. Technical Report 2/89. SSPS TR No. 2/89, DLR - Ciemat-PSA, 
Almeria. 
Becker, M., Böhmer, M., Meinecke, W., 1990. In; Proceedings of the Fifth Meeting ofSSPS - 
TASK III - Working Group on High Temperature Receiver Technology, SSPS TR 2/90, Davos, 
CH. 
Bejan, A., Morega, A. M., 1993. Optimal arrays of pin fins and plate fins in laminar forced 
convection, ASME Journal of Heat Transfer, 115(1), 75-81. 
Böhmer, M., Chaza, C., 1991. The ceramic foil volumetric receiver. Solar Energy Materials 24 
(1-4), 182-191. 
Böhmer, M., Meinecke, W., 1991. Proceedings of the Volumetric Receiver Workshop. IEA 
SSPS Tasks III and VII. SSPS Technical Report No. 2/91, Cologne. 
Boomsma, K., Poulikakos, D., Ventikos, Y., 2003. Simulations of flow through open cell metal 
foams using an idealized periodic cell structure. International Journal of Heat and Fluid Flow, 
24 (6), 825-834. 
Chavez, J. M., 1988. Design and Testing of a New Volumetric Receiver Absorber. Sandia 
National Laboratories, Alburquerque, NM. Memorandum Dated 7/15/1988. 
Chavez, J.M., Chaza, C., 1991. Testing of a porous ceramic absorber for a volumetric air 
receiver. Solar Energy Materials, 24 (1-4), 172-181. 
References 
100  
  
 
Fend, T., Hoffschmidt, B., Pitz-Paal, R., Reutter, O., Rietbrock, P., 2004a. Porous materials as 
open volumetric solar receivers: Experimental determination of thermophysical and heat 
transfer properties. Energy, 28, 823-833. 
Fend, T., Pitz-Paal, R., Reutter, O., Bauer, J., Hoffschmidt, B., 2004b. High-porosity materials 
as volumetric receivers for concentrated solar radiation. Solar Energy Materials and Solar 
Cells, 84 (1-4), 291-304. 
Fend, T., Becker, M., Hoffschmidt, B., Pitz-Paal, R., Reutter, O., Stamatov, V., Steven, M., 
Trimis, D., 2006. Theoretical and numerical investigation of flow stability in porous materials 
applied as volumetric solar receivers. Solar Energy, 80 (10), 1241-1248.  
Figus, C., Le Bray, Y., Bories, S., Prat, M., 1999. Heat and mass transfer with phase change in 
a porous structure partially heated: continuum model and pore network simulations. 
International Journal of Heat and Mass Transfer, 42 (14), 2557-2569. 
Fiveland, W. A., 1988. Three-dimensional radiative heat-transfer solutions by the Discrete-
Ordinates method. Journal of Thermophysics and Heat Transfer, 2 (4), 309-316. 
Flamant, G., Menigault, T., Schwander, D., 1988. Combined heat transfer in a 
semitransparent multilayer packed bed. Journal of Heat Transfer, 110 (2), 463-467 
Fricker, H.W., 1983. Proposal for a novel type of solar gas receiver. Proceedings of the 
International Seminar on Solar Thermal Heat Production, Stuttgart, German Aerospace 
Center (DLR), Pfaffennwaldring, 38-40, D-70569 Stuttgart. 
Gomez-Garcia, F., Gonzales-Aguilar, J., Tamayo-Pacheco, S., Olalde, G., Romero, M., 2015. 
Numerical analysis of radiation propagation in a multi-layer volumetric solar absorber 
composed of a stack of square grids. Solar Energy, 121, 94-102. 
Haussener, S., Coray, P., Lipiński, W., Wyss, P., Steinfeld, A., 2009. Tomography-Based Heat 
and Mass Transfer Characterization of Reticulate Porous Ceramics for High Temperature 
Processing. ASME Journal of Heat Transfer, 132(2). 
Heinrich, P., Keintzel, G., Streuber, C., 1992. Technology program solar air receiver - 2.5 
MWth system test on volumetric air receiver technology. Proceedings of the 6th International 
Symposium on Solar Thermal Concentrating Technologies, 1, 247-261. 
Hellmuth, T.E., Matthews, L.K., Chavez, J.M., Hale, C.A., 1994. Performance of a wire mesh 
solar volumetric air receiver. Proceeding of the 1994 ASME/JSME/JSES International Solar 
Energy Conference, pp. 573-578. 
Hennecke, K., Schwarzbözl, P., Alexopoulos, S., Hoffschmidt, B., Göttsche, J., Koll, G., Beuter, 
M., Hartz, T., 2008. Solar power tower Juelich - the first test and demonstration plant for 
References 
 101 
 
 
open volumetric receiver technology in Germany. In: Proceedings of the 14th Biennial CSP 
SolarPACES Symposium, Las Vegas, USA, March 4-7, 2008. 
Hoffschmidt B., Pitz-Paal, R., Böhmer, M., Becker, M., 1996. Experimental and numerical 
evaluation of the performance and flow stability of different types of open volumetric 
absorbers under non-homogeneous irradiation. Solar Energy, 60 (4), 135-150. 
Hoffschmidt, B., 1997. Vergleichende Bewertung verschiedener Konzepte volumetrischer 
Strahlungsempfänger. Deutsches Zentrum für Lüft- und Raumfahrt. ISRN DLR-FB 97-35. ISSN 
1434-8454. 
Hoffschmidt, B., Pitz-Paal, R., Böhmer, M., Fend, T., Rietbrock, P., 1999. 200 kWth open 
volumetric air receiver (HiTRec) of DLR reached 1000 °C average outlet temperature at PSA- 
Journal of Physics IV France 9 (PR 3), Pr3-551 – Pr553-556. 
Hoffschmidt, B., Tellez, F.M., Valverde, A., Fernandez, J., Fernandez, V., 2003a. Performance 
evaluation of the 200-kWth HiTRec-II open volumetric air receiver. Journal of Solar Energy 
Engineering, 125 (1), 87-94. 
Hoffschmidt, B., Fernandez, V., Beuter, M., Stobbe, P., Tellez, F., 2003b. Test results of a 3 
MW solar open volumetric receiver. Proceedings of ISES Solar World Congress 2003. 
Hoffschmidt, B., 2014. Solar receivers for point focusing concentrating systems. Sollab SFERA 
2 Summer School WP4, Font Romeu, France.   
Howell, J. R., Menguc, M. P., Siegel, R., 2015. Thermal radiation heat transfer. 6th Edition, 
Taylor and Francis. 
Kalt, A., Becker, M., Dibowski, G., Groer, U., Neumann A., 1994. The new solar furnace of the 
DLR, Koeln, Germany, specifications and first test results. Proceedings of the 7th International 
Symposium on Solar Thermal Concentrating Technologies. September 26-30, 1994, Moscow, 
1023-1035. 
Kaviany, M., 1999. Principles of Heat Transfer in Porous Media. 2nd edition, Springer. 
Klöden, B., 2012. Principle workflow of the EBM process, Laser Technik Journal, 2, 33-38. 
Koll, G., Schwarzbözl, P., Hennecke, K., Hartz, T., Schmitz, M., Hoffschmidt B., 2009. The solar 
tower Juelich - a research and demonstration plant for central receiver systems. Proceedings 
of the 15th SolarPACES Conference, Berlin, Germany, September, 2009. 
Kopanidis, A., Theodorakakos, A., Gavaises, E., Bouris, D., 2010. 3D numerical simulation of 
flow and conjugate heat transfer through a pore scale model of high porosity open cell metal 
foam. International Journal of Heat and Mass Transfer, 53 (11-12), 2539-2550. 
References 
102  
  
 
Kribus, A., Gray, Y., Grijnevich, M., Mittelman, G., Mey-Cloutier, S., Caliot, C., 2014. The 
promise and challenge of solar volumetric absorbers. Solar Energy, 10, 465-481. 
Kribus, A., Grijnevich, M., Gray, Y., Caliot, C., 2014. Parametric Study of Volumetric 
Absorber Performance. Energy Procedia, 49, 408-417. 
Kribus, A., Ries, H., Spirkl, W., 1996. Inherent limitations of volumetric solar receivers. 
Journal of Solar Energy Engineering, 118, 151-155.  
Leuchter, F., 1996. Bestimmung der mittleren konvektiven Wärmeübergangskoeffizienten in 
hochporösen Absorberwerkstoffen für volumetrische Receiver. Diploma Thesis, RWTH 
Aachen. 
Lipinski, W., Petrasch, J., Haussener, S., 2010. Application of the spatial averaging theorem 
to radiative heat transfer in two-phase media. Journal of Quantitative Spectroscopy and 
Radiative Transfer, 111 (1), 253–258. 
Meinecke, W., Böhmer, M., Becker, M., 1996. In: Proceedings of the Seventh Task III - 
Meeting within IBA SolarPACES on Solar Technology and Applications, No. III - 1/96, PSA, 
Almeria. 
Meinecke, W., Cordes, S., 1994. Phoebus technology program solar air receiver (TSA) - 
operational experience and test evaluation of the 2.5 MWth volumetric air receiver test 
facility at the Plataforma Solar de Almeria. Proceeding of the 7th International Symposium 
on Solar Thermal Concentrating Technologies, 943-957. 
Munro, R. G., 1997. Material Properties of a Sintered alpha-SiC. Journal of Physical and 
Chemical Reference Data, 26, 1195-1203. 
Nersesian R. L., 2010. Energy for the 21st Century: A Comprehensive Guide to Conventional 
and Alternative Sources. Routledge, London. 
Nield, D. A., Bejan, A., 2013. Convection in Porous Media. Springer, New York. 
Petrasch, J., Wyss, P., Steinfeld, A., 2007. Tomography-based Monte Carlo determination of 
radiative properties of reticulate porous ceramics. Journal of Quantitative Spectroscopy and 
Radiative Transfer, 105 (2), 180-197. 
Petrasch, J., Haussener, S., Lipinski, W., 2011. Discrete vs. continuum-scale simulation of 
radiative transfer in semitransparent two-phase media. Journal of Quantitative Spectroscopy 
and Radiative Transfer, 112 (9), 1450–1459. 
Pitz-Paal, R., Morhenne, J., Fiebig, M., 1991. A new concept of a selective solar receiver for 
high temperature applications.  Solar Energy Materials, 24 (1-4). 293-306. 
Pitz-Paal, R., Dersch, J., Milow, B., 2005. European concentrated solar thermal road-mapping 
(ECOSTAR). EU funded study SES6-CT-2003-502578. 
References 
 103 
 
 
Reutter, O., Smirnova, O., Sauerhering, J., Angel, S., Fend, T., Pitz-Paal, R., 2008. 
Characterization of Air Flow through Sintered Metal Foams, ASME Journal of Fluids 
Engineering, 130 (5). 
Romero, M., Buck, R., Pacheco, J.E., 2002. An update on solar central receiver systems, 
projects, and technologies. Journal of Solar Energy Engineering 124 (2), 96-108. 
Sander Associates Inc, 1979. 1/4-Megawatt Solar Receiver. Final Report. INC. DOE/SF/90506-
1, October. 
Schwarzbözl, P., Hack, U., Ebert, M., 2011. Improvement of ceramic absorber material for 
open volumetric receviers. 17th SolarPACES Conference, Granada, Spain. 
Skocypec, R.D., Boehm, R.F., Chavez, J.M., 1989. Heat transfer modeling of the IEA/SSPS 
volumetric receiver. Journal of Solar Energy Engineering, 111 (2), 138 - 143. 
Smirnova, O., Fend, T., Schwarzbözl P., Schöllgen, D., 2010.  Homogeneous and 
Inhomogeneous Model for Flow and Heat Transfer in Porous Materials as High 
Temperature Solar Air Receiver. Proceedings of the COMSOL Conference 2010, Paris. 
Smirnova, O., Fend, T., Schwarzbözl, P., Schöllgen, D., Jakob, C., 2013. Numerical 
investigation of flow and heat transfer in a volumetric solar receiver. Renewable Energy, 60, 
655-661. 
Wu, Z., Caliot, C., Bai, F., Flamant, G., Wang, Z., Zhang, J., Tian, C., 2010. Experimental and 
numerical studies of the pressure drop in ceramic foams for volumetric solar receiver 
applications. Applied Energy, 87 (2), 504-513. 
Wu, Z., Caliot, C., Flamant, G., Wang, Z., 2011. Numerical simulation of convective heat 
transfer between air flow and ceramic foams to optimize volumetric solar air receiver 
performances. International Journal of Heat and Mass Transfer, 54 (7-8), 1527-1537.  
Zhang, H., L., Baeyens, J., Degrève, J., Cacères, G., 2013. Concentrated solar power plants: 
Review and design methodology. Renewable and Sustainable Energy Reviews, 22, 466-481. 
 
  
Acknowledgment 
104  
  
 
9 Acknowledgment 
I would like to express my sincere gratitude to Univ.-Prof. Dr.-Ing. Bernhard Hoffschmidt and 
Univ.-Prof. Dr.-Ing. Robert Pitz-Paal for the continuous support during my Ph.D study and 
related research; for their patience, motivation and immense knowledge.  
Besides my advisors, I would like to thank my external reviewer, Univ.-Prof. Ph.D. Nesrin 
Ozalp, for her insightful comments and encouragement for my thesis and future scientific 
career. 
My sincere thanks also go to Dr. Thomas Fend and Dr. Hannes Stadler, who helped me and 
provided me the guidelines for my work from the very first day since I joined the DLR.  
I also thank my colleagues for the stimulating discussions, the help they gave me and the 
laugh we shared in the last three years.  I truly appreciated it. 
Thank you to my family: my parents and sisters, for supporting me spiritually during this 
work and my life in general. 
Last but not the least; I would like to thank my girlfriend Barbara for the unconditional love 
and support she gave me during this journey. She has been my anchor and my strength 
throughout the entire path.  
 
 
 
Appendix A 
 105 
 
 
10 Appendix A 
Numerical test and comparison of continuum and 
discrete models – HiTRec-II honeycomb and SiSiC foam 
geometries 
In the following section, the outcome of the simulation based on continuum and discrete 
approaches developed in this study will be displayed and compared with experimental and 
numerical results of previous works developed at DLR.  
Simulations have been performed taking into account current state-of-the-art HiTRec-II 
absorber honeycomb geometry and SiSiC foams manufactured by the Institut für Keramische 
Technologien und Sinterwerkstoffe – IKTS in Dresden, Germany. Numerical results have been 
compared with the outcome of the experimental campaign focused on thermal performance 
evaluation of single absorber cup of the HiTRec-II and experimental foam sample 
respectively,  performed at the DLR solar facility. 
 
HiTRec-II honeycomb absorber 
Numerical comparison of different homogeneous approaches, based on the HiTRec-II 
honeycomb geometry has been performed. The homogeneous model developed in the 
present study has been compared with the one developed by Smirnova et al. (2010) and 
relative thermal efficiencies have been further compared with the outcome of the 
experimental campaign performed at DLR, regarding the single absorber cup of the HiTRec-II 
(Fend et al., 2004). Moreover, in order to quantify the approximation introduced by the 
continuum model, both cases have been compared with corresponding detailed simulation 
developed in the present study, taking into account the single channel unit element of the 
honeycomb absorber. 
The main difference between the two homogeneous approaches is the characterization of 
the radiative heat transfer physic, as discussed in Par. 2.2.1. In the work of Smirnova, the 
effect of radiation was incorporated in the heat source term between homogeneous and 
fluid phases. Thus, the tool is not able to take into account possible radiative losses coming 
from the inside of the homogeneous volume. The approach developed in this work of thesis, 
instead, considers a stand-alone physic for the radiative heat exchange, based on the 
Discrete Ordinates approximation method. More details regarding the numerical model used 
for comparison can be found in corresponding references.  
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Same initial and main boundary settings have been considered for the numerical calculations 
which have been re-run in order to fulfill the experimental conditions: 
 In = 6.5∙10
5 W∙m-2; 
 ṁ (entire cup) = 2.4 ∙ 10 -3 kg∙s-1 (corresponding to: U0 = 0.5
 m∙s-1); 
 Tf,i = 318.3 K; 
 Pf,o = Pamb = 1.0∙10
5 Pa. 
As evolving fluid, moist air with 5% relative water content been considered.  
A parallepiped has been considered for the representation of the homogeneous absorber 
volume in the model of the present study. It is characterized by square cross section of 1 cm 
width and depth of 5 cm, this last corresponding to the one of the HiTRec-II honeycomb 
absorber. On the other hand, the model developed by Smirnova et al. (2010) considers a 
quarter of the entire cup of the absorber as control volume. Eventually, a single channel 
characterizes the solid control volume in the discrete simulation. 
Navier-Stokes equations have been set for the characterization of velocity and pressure 
fields of the fluid in the current homogeneous simulation. 
Effective properties characterizing the honeycomb absorber have been calculated using the 
discrete tools introduced in Chap. 6. They have been set as follows: 
 ε = 0.51; 
 hAv = 81600 W∙m-3∙K-1; 
 ξ = 241 m-1. 
Temperature profiles of homogeneous and fluid phases for each case are displayed in the 
chart of Fig. A. On the same graph, measured value of outlet air temperature is reported for 
comparison. Furthermore, outlet fluid temperature and calculated thermal efficiency are 
reported for each case in Tab. A. 
Then, the plot of the inlet radiative losses obtained through continuum simulation is shown 
in Fig. B.  
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Figure A. Temperature profiles of the homogeneous, solid and fluid phases of the HiTRec-II obtained 
using the continuum and discrete models developed in the present study, the homogeneous model 
proposed by Smirnova and experimental measurements used for comparison. 
 
 
 
HiTRec-II Efficiency 
 η 
T Fluid outlet  
Tf, o  [K] 
Continuum model 0.71 1031 
Smirnova 0.76 1063 
Discrete model 0.70 1019 
Experiments 0.67 990 
 
Table A. Thermal efficiency and outlet fluid temperature of the continuum and discrete models 
developed in the present study, the homogeneous model proposed by Smirnova and experimental 
measurements of HiTRec-II. 
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Figure B. Inlet power loss – HiTRec-II. 
 
Among the two continuous models, more accurate results are achieved with the approach 
developed in the present study. In this case, in fact, outlet air temperature, as well as 
corresponding thermal efficiency, is closer to measured values, compared to the ones 
obtained with the model of Smirnova. This is due to the different characterization of 
radiative heat transfer in the two continuum models, as the one developed in the present 
study also detect the amount of radiation that is not absorbed within the volume, resulting 
in a further loss. The radiative heat losses are plotted on the inlet section, showing a greater 
loss on the edges due to the presence of diffuse reflective walls on the outer boundaries on 
the sides. The thermal efficiency calculated through the evaluation of the inlet losses 
matches the one calculated considering the outlet air temperature and can be evaluated as 
follows: 
 η = Qn/Qtot = (Qn – Qlost)/Qn = (65.3W – 18.6W)/65.3W = 0.71. 
Concerning the thermal behaviour predicted with the use of the discrete model, it results to 
be the most accurate among the presented cases. Outlet air temperature and calculated 
thermal efficiency are the closest to the corresponding measured values and also thermal 
equilibrium between solid and fluid phases is reached earlier in the volume. This is due to 
the smaller approximation introduced by the discrete approach, thanks to its detailed 
representation of the porous volume. 
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IKTS ceramic foam 
Further validation of the continuum model has been performed taking into account ceramic 
foam manufactured by Fraunhofer IKTS Institute.  
Experimental analysis of thermal performance has been carried out at the DLR Solar Furnace 
in 2004 in the frame of the DFG Project DU 101/55-1. 
A material sample with square cross section of 15 cm width and depth of 5 cm has been 
considered. The foam presents a cellularity of 10 PPI and an open porosity of 0.76. 
Initial boundary conditions have been set as follows, considering the experimental 
conditions of a single operational point measured during the tests: 
 In = 5.5∙10
5 W∙m-2; 
 ṁ = 2.1∙10-3 kg∙s-1; 
 Tf,i = 318.3 K; 
 Pf,o = Pamb = 1.0∙10
5 Pa. 
The homogeneous control volume considered is characterized by the same outer shape and 
dimensions of the experimental sample. As the effect of permeability is more evident on 
foam-based geometries, Darcy´s equation with the Dupuit/Forchheimer extension has been 
implemented in place of Navier-Stokes equations, considering permeability and inertial 
coefficients taken from literature (Decker et al., 2004). 
 K1 = 4.2∙10
-7 m2; 
 K2 = 3.9∙10
-3 m. 
Other effective properties have been calculated using the discrete tools introduced in 
section 4.2. Single unit element based on the Weaire & Phelan foam cell has been 
considered for the simulations (Phelan, 1995 ).  
The properties have been set as follows: 
 ε = 0.76; 
 hAv = 1∙10
5 W∙m-3∙K-1; 
 ξ = 220 m-1. 
Temperature profiles of homogeneous and solid phases are displayed in the chart of Fig. C. 
On the same graph, measured value of outlet fluid temperature of the corresponding 
operational point is displayed for comparison. Outlet fluid temperature and calculated 
thermal efficiency of each case are reported in Tab. B. 
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Figure C. Temeprature profiles of homogeneous and fluid phases obtained through continuum 
simulation and experimental measurements of IKTS SSiC foam sample. 
 
 
 
 
IKTS SSiC foam Efficiency 
 η 
T Fluid outlet  
Tf, o  [K] 
Continuum model 0.73 1019 
Experiments 0.70 974 
 
Table B. Thermal efficiency and outlet fluid temperature obtained through continuum simulation and 
experimental measurements of IKTS SSiC foam sample. 
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Figure D. Inlet power loss – IKTS Foam. 
 
Furthermore, the plot of the inlet radiative losses of the IKTS foam sample obtained through 
continuum simulation is shown in Fig. D. The plot shows a greater loss on the edges due to 
the presence of diffuse reflective walls on the side boundaries of the control volume. The 
thermal efficiency calculated through the evaluation of the inlet losses matches the one 
calculated considering the outlet air temperature and can be evaluated as follows: 
 η = Qn/Qtot = (Qn – Qlost)/Qn = (12.3kW – 3.1kW)/12.4 = 0.75. 
The results obtained with the use of the continuum model shows once again an acceptable 
agreement with the experimental values. Thus, the tool can be adapted to different porous 
geometries, as far as the corresponding set of effective properties is used. 
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11 Appendix B 
Ti6Al4V material properties 
The demonstrator produced in the frame of this study has been realized using electron beam 
selective melting (EBSM) procedure, where a titanium-aluminium alloy indicated as Ti6Al4V, 
has been adopted as building material.  
The alloy comes under the form of powder that is welded and rapidly hardened layer-by-
layer into a single step, defining the final microstructure.  
Physics and thermal material properties characterizing the Ti6Al4V alloy were obtained from 
the work of Alderson (2013) and subsequently implemented in the numerical models for the 
simulations involved, such as true density, surface emissivity, specific heat capacity and 
thermal conductivity. 
 
Solid-state density 
Constant true density value referred to the final solid state has been considered in the work 
herein presented and it has been defined as follows: 
 ρTi6Al4V = 4370 kg∙m
-3 
 
Surface emissivity 
Surface emissivity of the final solid produced by ESBM has been implemented in the tools for 
the numerical calculation. Constant value reached after superficial oxidation has been 
considered and defined as follows: 
 εi = 0.83 
 
Specific heat capacity 
Specific heat capacity of the material in its final solid-state has been considered variable with 
the temperature. It has been expressed according the empirical correlation obtained in the 
work of Alderson, shown in the chart of Fig. A. 
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Figure A. Ti6Al4V solid-state specific heat capacity.  
 
 cp = 0.2Ts + 0.5 J∙kg
-1∙K-1. 
 
 
Thermal conductivity 
The thermal conductivity (k) of the Ti6Al4V in its solid phase presents a non-isotropic 
behaviour, as it is characterized by different trends according the two main directions that 
can be identified as shown in Fig. B: 
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Figure B. Sample orientation representation  
 
 
 
Figure C. Ti6Al4V solid-state thermal conductivity parallel and perpendicular to the fluid direction. 
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The two components of the thermal conductivity have been set according the correlations 
from the work of Alderson, as reported in Fig. C, and they have been set in the model as 
follows: 
 kpar = (9.6Ts + 4.6) W∙m
-1∙K-1; 
 kort = (5.9Ts + 4.2) W∙m
-1∙K-1. 
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